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ABSTRACT 
Obligate fungal biotrophs have co-evolved with their plant hosts, a direct result of an 
intimate interaction that protects the integrity of the plant during pathogenesis, allowing it to 
obtain essential nutrients.  To restrict the establishment of pathogen colonization, plants have 
evolved complex regulatory mechanisms to control the defense response, the most extreme 
of which involves Resistance (R) gene-mediated programmed cell death.  While it is known 
that de novo gene expression and subsequent protein synthesis are required for several cell 
death programs, the primary transcriptional targets of R gene-mediated responses are 
unknown.  Two alternative approaches were used to identify these transcriptional targets.  
The first approach uses a time-course microarray experiment that contrasts wild-type and 
loss-of-function mutant alleles of the Mla (powdery mildew) R gene to identify transcripts 
that distinguish incompatibility from compatibility.  Earlier expression and stronger 
transcriptional responses were observed in compatible plants at 20 hours after inoculation, 
though this reaction diminished at later time points.  In contrast, incompatible interactions 
exhibited a time-dependent strengthening of the transcriptional response, with increases in 
both fold change and total number of genes differentially expressed.  These results implicate 
MLA as a repressor of early gene expression response and provides further evidence for a 
link between basal and R gene-mediated resistance.  The second approach uses natural 
variation present in a doubled-haploid population to identify the regulatory hierarchy of gene 
expression during the interaction of barley and stem rust.  A trans-eQTL hotspot is not 
associated with the R gene Rpg-TTKSK, but instead an inoculation-dependent expression 
polymorphism in Adf3 implicates it as a candidate susceptibility gene.  In contrast, co-
localization of a trans-eQTL hotspot with an enhancer of R gene-mediated resistance to stem 
rust associates the suppression of gene expression with enhanced resistance.  Lastly, 
Blufensin1 (Bln1) is used as a case study for functional analysis using gene expression, 
structural features, and phenotype.  Although greater expression of Bln1 was previously 
associated with incompatibility, virus-induced gene silencing and transient overexpression 
implicates that Bln1 negatively impacts defense.  Collectively, these studies suggest that our 
understanding of gene expression and its phenotypic consequences is more complex than 
previously thought.
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CHAPTER 1. GENERAL INTRODUCTION 
Abbreviations 
PRR: Pattern recognition receptor 
PAMP/MAMP: Pathogen- or microbial-associated molecular pattern 
PTI: PAMP-triggered immunity 
NB: Nucleotide-binding domain 
LRR: Leucine rich repeat domain 
HR: Hypersensitive response 
ETI: Effector-triggered immunity 
ETS: Effector-triggered susceptibility 
QDR: Quantitative disease resistance 
QRL: Quantitative resistance locus 
Introduction 
Obligate fungal biotrophs have co-evolved with their plant hosts, developing an intimate 
interaction that is required for survival of the pathogen (Panstruga, 2003).  They typically 
infect a limited range of species and protect the integrity of the plant during pathogenesis, 
keeping the host alive while obtaining essential nutrients.  The inherent nature of this 
interaction has led to a co-evolution in defense and virulence factors that amounts to a 
continuous arms-race to outpace the other partner in the interaction (Jones and Dangl, 2006).  
A general model has been proposed that incorporates the kinetics of the plant-pathogen 
system and the likely evolutionary stages that have shaped this interaction (Jones and Dangl, 
2006).  In this model, the cell-wall periphery is the first line of defense to pathogen invasion, 
where transmembrane pattern recognition receptors (PRRs) recognize conserved pathogen- 
or microbial-associated molecular patterns (PAMPs/MAMPs).  After recognition, PRR-
mediated signal transduction cascades activate a broad-spectrum defense response that can 
lead to PAMP-triggered immunity (PTI).  To evade this primary immune response, 
pathogens have evolved effectors that can suppress PTI.  This rather direct approach to 
virulence requires the secretion of effectors such that they can directly interfere with the 
cellular machinery involved in signal transduction.  In the majority of cases, effectors 
function within the boundaries of the hosts’ cytoplasm to directly antagonize PTI.  Thus, 
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plants have advanced their recognition repertoire to include cytoplasmic receptors that 
perceive the presence of effectors.  These receptors are encoded by Resistance (R) genes and 
generally have a conserved protein structure that contains a nucleotide binding (NB) and 
leucine rich repeat (LRR) domains.  After direct or indirect recognition of an effector, R 
genes set in motion a cascade of molecular events that lead to resistance.  This is often 
associated with a localized hypersensitive cell death (hypersensitive response, HR), which 
destroys the nutrient source of the pathogen.  This immune response has been termed 
effector-triggered immunity (ETI), and has historically been known as gene-for-gene or R 
gene-mediated resistance (Flor, 1955).  ETI is an extremely effective approach at restricting 
the ingress of the pathogen to the cell(s) it is invading, not only through the destruction of the 
local nutrient source required for the pathogens’ proliferation but also via the generation of 
chemical and protein toxins (e.g., phytoalexins, defensins, knottins), accumulation of reactive 
oxygen species, cell-wall degrading enzymes (e.g., chitinases), and induced/systemic 
resistance (Glazebrook, 2005).  The crux of this resistance strategy is that loss of effectors 
via sexual recombination or mutation in the pathogen can eliminate the avirulence generated 
by an appropriate R gene.  Additionally, the same processes that drive evolution of this 
interaction can generate gain-of-function (novel) effectors that suppress existing PTI and ETI 
signaling cascades leading to effector-triggered susceptibility (ETS).  Thus, the evolutionary 
struggle for superiority in the interaction of plant and pathogen drives endless rounds of R 
gene and effector birth/death events. 
PTI and ETI: Prototypical Signal Transduction Pathways 
The model of innate immunity described above is based on the inherent evolutionary 
struggle of host and pathogen.  Alternatively, both PTI and ETI are prototypical signal 
transduction pathways, wherein perception and recognition of the pathogen and subsequent 
transduction of the signal leads to immunity (Shirasu et al., 1996).  To date, our molecular 
understanding of plant-pathogen interactions is most complete at the level of perception.  
Components of PTI have only recently been discovered, with the first, FLS2 (FLAGELLIN-
SENSITIVE 2), identified in 2000 (Gómez-Gómez and Boller, 2000).  FLS2 is a plasma 
membrane bound receptor-kinase that directly binds flg22, a highly conserved 22 amino acid 
peptide derived from flagellin (Gómez-Gómez and Boller, 2000; Chinchilla et al., 2006).  
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The timing of this discovery reflects the evolutionary conservation of the PRRs that 
recognize PAMPs, as the natural variation of PRRs is virtually non-existent compared to the 
allelic diversity observed for R genes involved in ETI.  The number of PAMPs that can 
induce resistance includes the N-terminus of bacterial elongation factor Tu (EF-Tu), chitin, 
bacterial cold shock protein (CSP), a peptide derived from a Phytophthora transglutaminase, 
and an ethylene-inducing xylanase from Trichoderma viridae (Shibuya and Minami, 2001; 
Brunner et al., 2002; Felix and Boller, 2003; Kunze et al., 2004; Ron and Avni, 2004).  The 
diversity of PAMPs is substantial compared to the cloning of PRRs, although our 
understanding of the molecular components in several PRR signaling pathways is becoming 
increasingly complete (Zipfel, 2009).  In particular, the targeted suppression of these 
pathways from several effectors reinforces the role of PTI in plant resistance (Zipfel, 2009). 
In contrast to PTI, the phenotypic consequences of ETI have been known for over 100 
years (Agrios, 2004).  The rediscovery of Mendel’s work on the inheritance of phenotypic 
traits provided the impetus for subsequent investigations in the genetic inheritance of 
resistance to pathogens.  While working on the interaction of wheat and stripe rust (Puccinia 
striiformis var. striiformis, syn. Puccinia glumarum) in 1905, Biffen concluded that 
resistance to this pathogen segregated as a dominant Mendelian factor (Biffen, 1905).  This 
segregating population provided the first evidence for a dominant R gene.  Two years later, 
Biffen found that resistance in the barley-powdery mildew interaction was inherited as a 
recessive trait from wild barley (Hordeum vulgare subsp. spontaneum) (Biffen, 1907).  
Researchers over the next 40 years would identify several additional R genes as plant 
pathology was integrated into federal and state experiment stations and became a 
consideration in germplasm improvement (Agrios, 2004).  Pioneering work by Eriksson in 
1896 found that cereal rusts could be separated into different physiological races based on 
their interaction with different species of the grasses (e.g., wheat, barley, oat, rye), where 
these races were morphologically indistinguishable (Eriksson and Henning, 1896).  This 
narrow host range and specialization was termed forma specialis (plural formae speciales) 
and indicated that factors within the fungus controlled either (1) their ability to infect a plant 
or (2) the ability for the plant to resist infection.  Further work independently performed by 
Barrus and Stakman found that genetic factors within a forma specialis vary in their 
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compatibility with different cultivars of a host, thus R genes were recognizing factors that 
may be segregating in different physiological races of the pathogen (Barrus, 1911; Stakman, 
1914).  Therefore it would appear that the segregating factors, R genes and physiological 
races of the pathogen, determine whether an interaction between plant and pathogen will be 
compatible (allowing infection) or incompatible (resistant).  Connecting the genetics that 
underpin this interaction would not occur until 1946, when Flor found that segregation of 
avirulence (AVR) genes in the pathogen corresponded with the incompatibility mediated by 
segregating plant R genes (Flor, 1946).  This phenomenon was described as the gene-for-
gene relationship and paved the way for modern plant pathology.  Later, AVR genes, defined 
by their ability to be recognized by plant R genes, were also found to be effectors, as many 
play important roles in enhancing virulence (e.g., suppression of PTI). 
Hypersensitivity and ETI 
Discovery of R genes is intimately linked with hypersensitivity, which is the development 
of localized necrosis near or at sites of pathogen invasion (incompatible interactions) 
(Müller, 1959).  HR is not restricted entirely to ETI, such as the interaction of plant and 
pathogens that have evolutionarily diverged significantly.  Examples of this non-host HR are 
found in the interaction of Arabidopsis-barley powdery mildew or rice-stem rust.  The first 
description of HR and its role in resistance was by Ward in the interaction of bromes with 
wheat leaf rust (Puccinia triticina) (Ward, 1902).  Later, Stakman would coin the term 
‘hypersensitivity’ to describe the formation of necrotic lesions where hyphae of stem rust 
(Puccinia graminis f. sp. tritici) attempted to penetrate the host (Stakman, 1914).  Originally 
defined based on the interaction of plant and obligate biotrophic fungi, the HR would be 
associated with similar phenotype-based reactions in plants interacting with oomycetes 
(Holub et al., 1994), hemi-biotrophic fungi (Bryan et al., 2000), viruses (Whitham et al., 
1994), bacteria (Tai et al., 1999), insects (Harris et al., 2010), nematodes (Cai et al., 1997), 
and pathogenic plants (Li and Timko, 2009).  Interestingly, the connection between ETI and 
HR has some exceptions.  The isolation of dnd (defense, no death) mutants in Arabidopsis 
found that resistance mediated by several R genes occurs without the generation of the HR 
(Yu et al., 1998).  Similar results have been found in a variety of plant-pathogen interactions, 
including the interactions of Gomphrena globosa-potato virus X (PVX) (Goulden and 
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Baulcombe, 1993), potato-PVX (Bendahmane et al., 1999), and oat-oat crown rust (Yu et al., 
2001).  Though it is not entirely clear if these events could be more broadly applicable to all 
plant-pathogen systems, it does raise the question to whether or not HR is (1) the direct 
phenotypic outcome of resistance or (2) an avoidable cell death.  The general correlation of 
HR and ETI suggests that selection has favored this association (Yu et al., 1998).  One 
explanation may lie in the negative effects on biomass and yield from constitutively activated 
basal defense in many of the mutants described above (e.g., dnd) (Genger et al., 2008). 
R Genes 
Deciphering the genetic, molecular, and phenotypic responses associated with HR has 
been an ongoing endeavor since the first identification of a segregating factor.  With the 
advent of molecular biology and genome sequencing, several R genes have been cloned, 
providing initial clues regarding the signal transduction that leads to HR.  The first two genes 
cloned were Pto (Pseudomonas syringae pathovar tomato resistance), a 
cytoplasmic/membrane bound serine-threonine protein kinase (Martin et al., 1993) and Hm1 
(Helminthosporium carbonum susceptibility1), an enzyme that processes a toxin created by 
Cochliobolus carbonum (syn. Helminthosporium carbonum) (Johal and Briggs, 1992).  
These two R genes would become the exception rather than the rule, as the majority encode 
proteins are composed of the core domains NB-LRR (Martin et al., 2003).  Often these 
proteins contain an N-terminal coiled-coil domain (CC) or a domain with homology to insect 
Toll or mammalian IL-1 receptors (TIR) (Martin et al., 2003).  Though hundreds of R genes 
have been cloned (Martin et al., 2003; Bent and Mackey 2007), the downstream components 
which comprise the signal transduction pathway after recognition are currently unknown and 
therefore lack a comprehensive model for the initiation of the HR. 
Not surprisingly, one of the pathogens involved in the early characterization of ETI, 
barley powdery mildew, has become a model system in the interaction of plant and pathogen.  
The causal agent of barley powdery mildew, Blumeria graminis f. sp. hordei (Bgh), is 
restricted to the epidermal layer of barley.  To identify factors required for R gene-mediated 
resistance, several groups have conducted mutation screens that generated a loss-of-
resistance phenotype (Favret, 1960; Torp and Jørgensen, 1986; Zhou et al., 2001).  Thus far, 
only two cloned genes have been found to be required for Mla (Mildew resistance locus a)-
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mediated resistance.  The first is the resistance gene locus itself, where Mla1 (Zhou et al., 
2001), Mla6 (Meng et al., 2009), and Mla12 (Torp and Jørgensen, 1986; Shen et al., 2003) 
were identified via point or deletion mutations.  All sequenced alleles of Mla have been 
shown to encode a cytoplasmic/membrane localized CC-NB-LRR protein (Halterman et al., 
2001; Zhou et al., 2001; Halterman et al., 2003; Shen et al., 2003; Halterman and Wise, 
2004; Seeholzer et al., 2010).  The second locus identified in mutational screens was Rar1 
(Required for Mla12-mediated resistance 1), which encodes a 25.5 kDa protein containing N 
and C-terminal CHORD domains and a central CCCH motif (Shirasu et al., 1999).  
Furthermore, the requirement of RAR1 in Mla-mediated resistance has been localized to a 
single-amino acid in the 6th LRR of MLA6/MLA13 (Halterman and Wise, 2004), indicating 
that the requirement of RAR1 can be overcome, likely by enhancement of the potency of 
MLA.  The role of RAR1 in plant defense is impressive, as it seems to play a global role in 
ETI (Schulze-Lefert, 2004) and has been isolated in a least three additional mutational 
screens for suppressors of ETI in Arabidopsis (Warren et al., 1999; Muskett et al., 2002; 
Tornero et al., 2002).  Results from in vitro and in vivo interaction assays have pointed to an 
intermolecular complex composed of RAR1, SGT1 (Suppressor of G-two allele of skp1 1), 
and HSP90 (Heat shock protein 90) (Azevedo et al., 2002; Bieri et al., 2004; Hein et al., 
2005; Azevedo et al., 2006; Zhang et al., 2008; Shirasu, 2009), demonstrating that these 
components are involved in R protein stability and signal transduction after recognition, but 
not necessarily in the initiation of the hypersensitive reaction.  Additional genes involved in 
ETI were cloned from Arabidopsis using a variety of pathogens; these include NDR1 (NON-
RACE SPECIFIC DISEASE RESISTANCE 1) (Century et al., 1997), PAD4 (PHYTOALEXIN 
DEFICIENT 4) (Jirage et al., 1999), and EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) 
(Falk et al., 1999).  Dependence of ETI in Arabidopsis can depend on these genes and several 
others, although exceptions exist, suggesting that additional signaling pathways are present 
independent of these suppressors (Nimchuk et al., 2003).   Thus, direct and indirect 
interactors of R proteins were identified instead of downstream components of ETI.  More 
so, traditional genetic analysis (genetic pathway) may not appropriately reflect the 
complexity of the interconnectedness of these signaling cascades (Hammond-Kosack and 
Parker 2003). 
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A recent advance in our understanding of downstream signaling of ETI has come from 
studying the barley-powdery mildew interaction via the resistance mediated by proteins 
encoded at the Mla locus.  It was known that treatment with an inhibitor of mRNA 
polyadenylation (cordycepin) interfered with Mla-mediated resistance in a dose-dependent 
manner, suggesting that de novo mRNA synthesis may be required for the resistance 
response (Schiffer et al., 1997).  Ten years later, it was found that MLA translocates into the 
nucleus after the recognition of a corresponding AVRa Bgh protein, where localization is 
required to mediate the HR (Shen et al., 2007).  Additionally, the CC domain of the 
translocated MLA binds the transcription factors WRKY1 and WRKY2 (WRKY1/2) after 
recognition of AVRa, where both WRKY1/2 function as suppressors of PAMP-triggered 
basal defense (Shen et al., 2007).  Thus, the translocation of MLA and subsequent interaction 
with WRKY1/2 is expected to remodel the transcriptional landscape leading to the HR.  This 
implicates gene expression as an essential component of HR and suggests that the 
downstream targets of the MLA-WRKY complex could be identified using assays that detect 
expression differences in lines carrying a wild-type or loss-of-function allele of Mla.  An 
analogous example of this regulatory mechanism comes from the chimeric resistance gene 
RRS1-R (RESISTANCE TO Ralstonia solanacearum), which encodes a protein with domain 
structure TIR-NB-LRR-WRKY and is similar to MLA in its relocalization into the nucleus 
after direct interaction with the effector PopP2 (Deslandes et al., 2003).  Interestingly, an 
autoimmune response is generated from the insertion of a single amino acid in the WRKY 
domain (Noutoshi et al., 2005).  This insertion inhibits the WRKY domains ability to bind 
DNA, implicating the role of RRS1-R as a transcriptional suppressor.  Similar requirements 
of nuclear relocalization have been observed for the N (resistance to Tobacco mosaic virus) 
and RPS1 (RESISTANCE TO P. syringae 1) resistance proteins, suggesting a potential role 
of transcription in these R gene-mediated defense responses (Burch-Smith et al., 2007; 
Wirthmueller et al., 2007). 
Microarray-based approaches to identify the expression component of R gene-mediated 
resistance have been limited to directly associating gene expression with incompatible and 
compatible response (Nimchuk et al., 2003; Wise et al., 2007).  Tao and colleagues used the 
Affymetrix 8k Arabidopsis GeneChip to identify differences in incompatible and compatible 
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interactions of Arabidopsis and the bacterial pathogen P. syringae (Tao et al., 2003).  
Generally expression between interaction types was found to be quantitative and could be 
distinguished by their robustness as determined by variation in expression between biological 
replicates.  Using a similar approach with the oomycete Hyaloperonospora arabidopsidis 
(syn. Peronospora parasitica), Eulgem and colleagues found expression pathways for three 
different RPP (RESISTANCE TO P. parasitica) resistance genes differed in their kinetics but 
converged on a primary set of genes (Eulgem et al., 2004).  Both of these studies were 
limited in their statistical design, as biological replicates were pooled and hybridized to a 
single microarray, thus removing the estimation of variation in gene expression and requiring 
the selection of an arbitrary fold change cutoff.  Though these studies were not directly 
focused on identifying transcriptional targets of R gene-mediated resistance, they did 
establish the level of replication, bioinformatic approaches, and technical expertise required 
to evaluate these data sets.  In parallel, Caldo and colleagues set out to identify time-course 
expression profiles that were correlated with incompatible (Mla-AVRa) versus compatible 
(Mla-avra) interactions using three isolines of barley and two alternative isolates of Bgh 
(Caldo et al., 2004).  Twenty-eight host genes were identified at a threshold p < 0.0001 and 
false discovery rate of 7%, where increased expression was observed from 0 to 16 hours after 
inoculation (HAI) in both interactions relative to the 0 HAI time point.  Divergent expression 
was observed from 16 to 32 HAI between incompatible and compatible interactions for 
twenty-two genes, with greater expression correlated with the incompatibility.  Functional 
annotation and increased expression at early time points provided a link between basal and R 
gene-mediated resistance and correlation with the phenotypic response at later time points 
linked the kinetics of gene expression with ETI.  Additionally, relaxation of the statistical 
cutoff and paired with correlation found the expression pattern by Caldo and colleagues 
(2004) was more prevalent, provoking the question of whether or not the primary 
transcriptional targets of MLA may be present in these gene lists (Caldo et al., 2006). 
Quantitative Disease Resistance 
Though ETI has been a model of understanding the interaction of plant and pathogen, this 
likely reflects the genetic tractability of the phenotypic response and Mendelian inheritance.  
Quantitative disease resistance (QDR) is a form of resistance controlled by allelic variants 
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that are involved in penetration resistance, limiting the acquisition of nutrients, and other 
biological processes that restrict the development of the pathogen (Poland et al., 2009).  Loci 
controlling QDR, quantitative resistance loci (QRLs), are a largely untapped reservoir of 
resistance that have been selected for in the evolutionary arms-race between plant and 
pathogen.  Often provoking more subtle effects, it has be proposed that this may be balanced 
by a greater durability or broadening of the resistance spectrum, making this form of 
resistance a desirable source of future crop improvement (Fu et al., 2009; Krattinger et al., 
2009).  Poland and colleagues proposes six hypotheses for the molecular mechanisms that 
underlie QRL function, specifically, (1) morphological and/or developmental processes, (2) 
mutation or alleles of genes involved in PTI, (3) enzymes involved in generating chemical 
and protein antibiotics, (4) defense signal transduction, (5) weak/defeated R genes, and (6) 
novel mechanisms previously undiscovered (Poland et al., 2009).  Each of these mechanisms 
may reflect the number of strategies the pathogen uses to overcome host defense responses, 
as each involves distinct molecular pathways.  Additionally, each may impact the potential 
durability and isolate/race specificity.  The fifth hypothesis, originally proposed by Parlevliet 
and Zadoks (1977) suggested that quantitative resistance is mediated by defeated R genes, 
having effects reminiscent of their former glory (Parlevliet and Zadoks, 1977).  Interestingly, 
evidence exists in several systems for this minor-gene-for-minor-gene model, for example, in 
the interaction of barley and leaf rust (Puccinia hordei).  QRL were found to be isolate-
dependent (Marcel et al., 2008).  Collectively, our molecular understanding of QDR is 
limited by the number of cloned QRL, a problem primarily associated with the genetic 
tractability of QRL and fine-mapping strategies. 
Genetical genomics1 is a recent approach that leverages natural variation to understand 
the genetic heritability of gene expression (Damerval et al., 1994; Jansen and Nap, 2001).  
Microarrays are used to measure the expression levels of both a mapping population and its 
parents.  Traditional linkage analysis is applied to gene expression data from the mapping 
population for the detection of significant linked regions, termed expression quantitative trait 
loci (eQTLs) (Doerge, 2002).  Key aspects of experimental design such as size of population, 
type of population [recombinant inbred lines (RILs), doubled-haploids (DHs), back crosses 
                                                 
1Reprinted and modified with permission of Annual Review of Phytopathology, 2007, 45, 329-369. 
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(BCs)], measurement of quantitative traits, statistical models, and permutation testing have 
been extensively reviewed (Manly et al., 2004; de Koning and Haley, 2005; Petretto et al., 
2006; Rockman and Kruglyak, 2006; Kliebenstein, 2009).  The degree of replication depends 
on the resolution required to answer the biological question; if only major loci are important, 
a small subset of a mapping population may be sufficient—for example the 30 used by 
DeCook and colleagues (DeCook et al., 2006).  At the other extreme, a high-resolution study 
of the genetic heritability of gene expression in a cross may examine more than 200 RILs 
with replicates (West et al., 2006).  The genetic control of quantitative disease resistance is a 
biological question well-suited for the genetical genomics approach (Geiger and Heun, 
1989).  Gene expression variation in the plant-pathogen interaction can be used to identify 
cis-eQTLs that correspond to ETI or QRL and/or trans-eQTLs that may coincide with master 
regulators involved in either of these resistance responses, permitting the detection of both 
regulator and targets in a single experiment (Jansen and Nap, 2001; Kliebenstein, 2009).  In 
parallel, a mapping population can be saturated with markers based on SFP or haplotype-
specific gene expression, known as transcript-derived markers (TDM), gene expression 
markers (GEM), or expression level polymorphisms (ELP) (West et al., 2006; Luo et al., 
2007; Potokina et al., 2008).  A recent study using barley inoculated with leaf rust (Puccinia 
hordei) did not find that trans-eQTL were associated with partial resistance QTL, although 
several candidate genes were proposed based on correlation of expression and resistance 
phenotypes (Chen et al., 2010).  Thus, it remains to be seen how powerful this approach will 
be for understanding plant-pathogen interactions. 
Rationale 
After the perception of a pathogen, R genes initiate a signal transduction cascade that 
leads to resistance.  The cascades following recognition are known to involve protein 
modification, protein-protein interactions, hormone signaling, gene expression, and ion 
influx/efflux (Mur 2008).  Though the dependence on these molecular events can be R gene-
specific and likely include a diversity of biological reactions.  Ultimately, these cascades 
generate resistance in the plant.  The work described in this dissertation focuses on signal 
transduction cascades that lead to de novo and/or strengthening of existing gene expression 
responses.  This approach reduces the inherent complexity of the interconnected pathways 
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that generate resistance by using gene expression as a reporter of cellular status.  In addition, 
I extend this approach for quantitative resistance, based on the assumption that the molecular 
events involved in these modest responses overlap with the stronger R gene-mediated 
resistance. 
Dissertation Organization 
This dissertation is organized into three parts, with the first two sections detailing 
alternate experimental approaches at identifying candidate genes regulated by R gene-
mediated signaling cascades.  The third and last section is a case study for the functional 
analysis of a gene implicated in Mla signaling and generating biological hypotheses from 
microarray experiments. 
1. We use a time-course of paired wild-type and mutant alleles of Mla to identify 
characteristics that distinguish incompatible and compatible interactions, and 
identify quantitatively suppressed genes at 16 HAI as candidates of MLA-
mediated transcriptional regulation.  My responsibilities in this section involved 
performing all analyses shown and the writing of this manuscript.  Rico Caldo 
was involved in originally designing, conducting, and preliminary analysis of this 
experiment.  Co-author Nick Lauter has been involved in developing hypotheses, 
analytical approaches, and construction of the manuscript.  Dan Nettleton was 
involved in the original design and statistical analysis of the results.  Roger Wise 
has been involved in all aspects from design to construction of the manuscript. 
2. Though it is currently unknown whether resistance to stem rust incorporates 
transcription in its incompatibility response, we used a segregating population to 
identify the regulatory loci that control the variation in gene expression in 
response to stem rust.  I present evidence that indicates the R gene involved in 
ETI to stem rust may be Adf3 (Actin depolymerizing factor 3) based on an 
inoculation-strengthened expression polymorphism between resistant and 
susceptible progeny.  Additionally, I found that a major regulator of gene 
expression in response to stem rust inoculation co-localizes with an enhancer of 
this ETI, suggesting that its function is carried out by the suppression of the 
transcriptional defense response.  My responsibilities in this section involved 
12 
originally designing and conducting the majority of the experiments described, 
performing all analyses, and the writing of this manuscript.  Nick Lauter and 
Roger Wise have been involved from the original design to writing of this section, 
although I was primarily responsible for all portions of the manuscript.  Brian 
Steffenson was involved in selecting the QSM doubled haploid population, 
designed and collected the Kenya field trial data, and has been involved in the 
writing of the manuscript. 
3. In the last section, I present Bln1 (Blufensin1) a case study for how developing 
hypotheses based on gene expression and structural features can lead to surprising 
results.  Originally, greater expression of Bln1 was associated with 
incompatibility based on an experiment conducted and analyzed by Rico Caldo 
(Caldo et al., 2004).  Virus-induced gene silencing and transient over-expression 
suggests that this gene negatively impacts defense, suggesting that our 
understanding of gene expression and its phenotypic consequences is more 
complex than previously thought.  My responsibilities in this section involved 
performing all bioinformatic analyses, involvement in the design of biological 
experiments, genetic mapping of Bln1, and shared writing of the final manuscript.  
Yan Meng was co-first author and was involved in designing all bioinformatic 
and biological experiments, performing all biological experiments, and shared in 
the writing of the final manuscript.  Roger Wise was involved from design to 
writing of this section. 
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Abstract 
A major source of resistance in barley against powdery mildew is conferred by alleles at 
the Mla (Mildew resistance locus a) locus.  Alleles of Mla encode cytoplasmic/membrane 
localized coiled-coil, nucleotide binding site, Leu-rich repeat (CC-NBS-LRR) proteins that 
mediate resistance when corresponding avirulence genes (AVRa) are present in the pathogen.  
Presence of the AVRa protein mediates a nuclear relocalization of MLA, where MLA binds 
host transcription factors to mediate a hypersensitive reaction.  We utilized paired wild-type 
and loss-of-function alleles of Mla and conducted time-course expression profiling to 
identify targets of the MLA transcriptional regulon during barley-powdery mildew 
interactions.  Earlier differential gene expression and a stronger transcriptional response were 
observed in susceptible mla mutants at 20 hours after inoculation (HAI), though this reaction 
became diminished at later time points.  In contrast, incompatible interactions exhibited a 
time-dependent strengthening of the transcriptional response, with an increase in both fold 
change and total number of genes differentially expressed.  Taken together, these results 
suggest that quantitative and temporal dependent expression patterns shape the phenotypic 
outcome of barley-powdery mildew interaction.  As nuclear relocalization of MLA is known 
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to occur as early as 12 HAI, this implicates MLA as a repressor of early gene expression 
responses, such that expression increases in a temporal-dependent manner.  Interrogation of 
the 16 HAI time point for quantitatively suppressed genes in loss-of-function mla mutants 
identified 28 genes as potential transcriptional targets of MLA.  The observed expansion in 
functional roles of these candidate downstream targets of MLA indicates that multiple 
pathways are required to mediate the hypersensitive reaction. 
Introduction 
Blumeria graminis f. sp. hordei (Bgh) is an obligate fungal biotroph of barley and the 
causal agent of barley powdery mildew (1).  The barley-Bgh interaction has been 
characterized at both the genetic and physiological level, with the first description of the 
genetics of this interaction in the scientific literature by Biffen in 1907 (2).  Recognition of 
Bgh by barley is mediated by several loci distributed throughout the genome, each designated 
Ml (Mildew resistance locus) followed by a letter to distinguish between loci (3, 4).  Most 
well known is Mla located on the short arm of chromosome 1H, with approximately 30 
alleles that mediate resistance when corresponding AVRa effector genes are present in Bgh 
(3).  In contrast to the genetic structure of Mla with multiple alleles at a single locus, AVRa 
genes are scattered throughout the Bgh genome and the two cloned genes, AVRa10 and AVRk1, 
encode proteins that lack a secretion signal and belong to a diverse gene family (5, 6).  
Sequenced alleles of Mla encode a cytoplasmic/membrane localized coiled-coil, nucleotide 
binding site, Leu-rich repeat (CC-NBS-LRR) protein (7-12) that translocates into the nucleus 
after recognition of a corresponding AVRa Bgh effector, with localization required to mediate 
the hypersensitive reaction (HR) (13) and likely dependent on the direct interaction between 
appropriate MLA and AVRa proteins (10).  The CC domain of MLA binds the transcription 
factors WRKY1 and WRKY2 (WRKY1/2) after recognition (13).  Thus, the translocation of 
MLA and subsequent interaction with WRKY1/2 is expected to remodel the transcriptional 
landscape leading to the HR. 
The physical association of MLA with transcription factors indicates that activation or 
inhibition of gene expression may be required to mediate the HR in epidermal cells breached 
by Bgh appressoria.  In this mRNA-based model for induction of the HR, the identification of 
the primary downstream transcriptional targets of MLA would answer several lingering 
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questions, such as the genes/pathways that initiate the HR and the molecular processes 
involved in mediating this cell death program.  Even without the knowledge of MLA 
localization and its interactors, early investigators used several well-known pathogenesis-
related (PR) genes to link the kinetics of gene expression and the development of Bgh on the 
host (14).  More recently, application of high-throughput expression profiling has found that 
the majority of gene expression differences between several interaction types, namely, host 
versus non-host and mlo-mediated resistance were associated with small quantitative 
differences (15, 16). 
Our previous investigations of the transcriptional response of barley to Bgh infection 
targeted genes that correlated with incompatible (Mla-AVRa) versus compatible (Mla-avra) 
interactions using three isolines of barley and two alternative isolates of Bgh (17).  Twenty-
eight host genes were identified at a threshold p <  0.0001 and false discovery rate (FDR) of 
7%, for which increased expression was observed from 0 to 16 hours after inoculation (HAI) 
in both interactions relative to the 0 HAI time point (17).  Strikingly, from 20 to 32 HAI, 
twenty-two genes displayed divergent expression between incompatible and compatible 
interactions, with greater expression correlated with the incompatible interaction (17).  In a 
subsequent experiment, relaxation of the stringency paired with correlation to the original 
pattern extended this list to an additional 134 genes (p < 0.01) (18).  Analysis of three of 
these genes (chorismate synthase, anthranilate synthase α subunit 2, and chorismate mutase 
1) demonstrated that they were necessary for penetration resistance against Bgh (19).  In 
contrast, another gene, Blufensin1 (Bln1), encoding a small peptide that is induced by a broad 
range of fungal pathogens, was shown to negatively impact defense against Bgh (20).  
Overexpression and silencing of the genes in these two studies did not suppress the 
hypersensitive reaction mediated by MLA, suggesting their roles are sufficiently downstream 
of MLA signaling such that it does not compromise the hypersensitive reaction (21). 
Here, we describe an alternative approach that uses a single isolate with paired wild-type 
and loss-of-function mutant alleles of Mla to further discern reprogramming of the 
transcriptome that differentiates incompatible from compatible interactions.  Using this 
approach, we establish a comprehensive index of temporal gene expression patterns after 
inoculation with Bgh.  Interestingly, the transcriptional response was found to occur earlier in 
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compatible interactions; however, this response was not sustained with time quantitatively as 
compared to the incompatible interaction.  By identifying the conserved quantitative 
differences between three wild-type and mutant pairings at 16 HAI, we discovered a small 
set of genes that are transcriptional candidate targets of the MLA-mediated hypersensitive 
reaction. 
Results 
Concept, Previous Work, and Experimental Design 
Our early experiments focused on distinguishing the transcriptional differences between 
incompatible and compatible interactions using alleles of Mla and complementary isolates of 
Bgh (17).  Specifically, we used a matrix of three near-isogenic barley lines, with 
introgressed Mla1, Mla6, or Mla13 alleles, each challenged with two contrasting Bgh isolates 
5874 (containing AVRa1 and AVRa6) and K1 (containing AVRa1 and AVRa13) (17, 18).  Since 
there were no non-inoculated tissues in this experiment, we were restricted to evaluating 
divergent responses between different Mla-AVRa pairings. 
Here, we included non-inoculated tissue to generate a comprehensive index of differential 
expression in response to Bgh infection, used a single isolate of Bgh, and incorporated 
several loss-of-function mutants of Mla.  We leveraged the inherent diversity present in this 
host-pathogen interaction, represented by the incompatible (Mla-AVRa) vs. loss-of-function 
compatible (mla-AVRa), fast (Mla1 and Mla6; pathogen ingress halted at haustorial 
development) vs. intermediate (Mla12; permits limited hyphal development) R gene kinetics, 
Rar1-dependent (Mla6 and Mla12) vs. independent (Mla1), and Manchuria (Mla1 and Mla6) 
vs. Sultan-5 (Mla12) genetic backgrounds.  Utilizing this comprehensive reagent set, we set 
out to predict determinates of the hypersensitive reaction mediated by the translocation of 
MLA into the nucleus (13). 
Our experimental design consists of three barley lines carrying the resistance alleles 
Mla1, Mla6, and Mla12 and their corresponding loss-of-function mutants, mla1-m508, mla6-
m9472, and mla12-m66, respectively (11, 12, 20, 22, 23).  Both Mla1 and Mla6 have been 
introgressed into cv. Manchuria, while Mla12 is present in cv. Sultan-5.  These six lines were 
randomly assigned to inoculation dates in a weekly interval in three replications using a        
24 
3 X 3 Latin square design (24).  In each group, a split-split plot experimental design 
contained genotype as the whole-plot treatment factor, and the whole-plot experimental units 
consisted of a pair of flats of the same genotype (one inoculated and one non-inoculated) 
side-by-side in a growth chamber during the time course after inoculation.  The split-plot 
experimental units were the individual flats that were randomly assigned to inoculation with 
Bgh 5874 (AVRa1, AVRa6, and AVRa12) or non-inoculated control.  The split-split-plot 
experimental units were rows of plants within flats randomly assigned to the harvest times 0, 
8, 16, 20, 24 and 32 HAI.  The analysis we present here consists of 6 genotypes x 6 time 
points x 2 inoculation treatments x 3 replications corresponding to 216 Barley1 GeneChip 
(containing 22,792 probe sets) (25) hybridizations. 
Fifty-Four Time-Course Patterns of Expression Define the Transcriptional Response of 
Barley to Bgh Infection 
Estimates and p-value of differential expression for each time point between inoculated 
and non-inoculated treatments were determined using a mixed linear model that included 
fixed effects for genotype, treatment (Bgh 5874 or non-inoculated), time point, and all 
interactions between these factors, as well as random effects for replication and the 
corresponding interactions of genotype x replication (whole-plot), genotype x treatment x 
replication (split-plot), and genotype x time x replication (split-split-plot) (24, 26).  False 
discovery rates (FDR) were estimated using the histogram-based technique described by 
Nettleton et al. (2006) (27).  In summary, controlling the FDR at 0.0001%, 0.01%, 1% found 
3810, 6846, and 15149 genes differentially expressed between inoculated and non-inoculated 
plants for at least one time point among the wild-type genotypes, respectively.  The large 
number of genes identified as differentially expressed is a result of the number of 
replications, multiple testing, and most significantly, the strong transcriptional response of 
barley to Bgh infection.  To avoid loss of information by selecting an arbitrary FDR cutoff, 
we incorporated all three FDR cutoffs for subsequent analyses. 
We generated composite patterns based on the conserved differential gene expression 
among all three wild-type Mla (CI 16137, CI 16151, and Sultan-5) and mutant mla lines 
(mla1-m508, mla6-m9472, and mla12-m66), respectively.  Each time point was evaluated for 
differential expression between inoculated and non-inoculated tissue for the nine genotype x 
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FDR comparisons separately for wild-type and mutant lines.  Patterns of expression were 
considered if they were significant in four of the nine comparisons.  We selected four as a 
cutoff for pattern representation as it implies that a minimum at least two genotypes and two 
FDRs are sharing this pattern of expression for a given time point.  A ternary representation 
of differential expression over time was used to symbolize patterns of gene expression.  
Induced or suppressed gene expression in inoculated plants relative to non-inoculated plants 
for a given time point are represented by either a ‘+’ or ‘-‘, respectively.  If the gene is not 
differentially expressed based on the consensus, it is represented by a ‘0’.  By concatenating 
the ternary representation of differential expression for all six time points, a set of 54 ternary 
patterns were identified based on their consensus from 3097 and 3212 genes in wild-type and 
mutant lines, respectively.  For example, a gene up-regulated after 16 HAI would be 
represented as 000+++.  Conversely, if the same gene were down-regulated, the 
representation would be 000---.  This approach has the advantage of removing genotype-
specific expression and leverages several FDRs to identify a conserved set of genes that are 
differentially expressed after inoculation with Bgh 5874. 
Composite patterns for incompatible and compatible interactions were grouped into three 
main categories based on the timing of expression: early (0 to 16 HAI), late (20 to 32 HAI), 
or a mixture of these responses (Fig. 1).  Up-regulation predominates both early and mixed 
responses to Bgh infection in both incompatible (650 genes) and compatible (515 genes) 
interactions.  By contrast, genes that are down-regulated are poorly represented in early and 
mixed response categories, with 93 and 90 genes in incompatible and compatible 
interactions, respectively.  A greater number of genes were down-regulated in late responses, 
with 832 and 981 up-regulated and 1511 and 1624 genes down-regulated in wild-type and 
mutant lines, respectively.  Not shown in Figure 1 are the patterns of both up and down-
regulation.  These are apparently the exception, as only two genes were identified that had 
this mixture, Barley1_11076 (IC: +000-0; C: +00--0) and Barley1_50237 (IC: +00000; 
C: +000-0).  Barley1_11076 is predicted to be a homolog of the bacterial staphylococcal  
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Fig. 1.  Histogram of consensus expression patterns in incompatible and compatible interactions.  
Patterns represent a consensus of differential expression in at least four of nine genotype x FDR 
comparisons, with induced or suppressed gene expression in inoculated plants relative to non-
inoculated plants for a given time point represented by either a ‘+’ or ‘-‘, respectively.  If the gene is 
not differentially expressed based on the consensus, it is represented by a ‘0’.  Concatenation of all six 
time points (0, 8, 16, 20, 24, and 32 HAI) provides the patterns shown on the borders.  The number of 
genes having a pattern in incompatible (Mla-AVRa) and compatible (mla-AVRa) interactions is shown 
in black and gray, respectively.  The horizontal axis is logarithm-scale.  Patterns were ordered based on 
the total number of genes from incompatible and compatible interactions within each response 
category (early, mixed, and late). 
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nuclease, while Barley1_50237 has sequence similarity to the Defective embryo and 
meristems (Dem) gene in tomato (28). 
Several characteristics distinguish incompatible and compatible responses based on their 
respective distribution of consensus patterns.  First, there are almost twice as many genes up-
regulated in incompatible (153 genes) versus compatible (84 genes) interactions in early 
response patterns.  Second, the most represented patterns in incompatible interactions were 
00000+ (323 genes) and 00000- (832 genes) for late responses, while these same two 
classes are considerably reduced (147 and 326 genes, respectively) in compatible 
interactions.  In parallel with this reduction, is an increase in four of remaining six late 
response patterns (0000++, 000+00, 0000+0, and 000++0) in compatible as compared to 
incompatible interaction.  The effect was mirrored with the down-regulated patterns with 
similar reduction in 00000+ and 00000- ternary patterns, indicating that late response 
gene expression was occurring later in incompatible interactions regardless of direction.  In 
line with the kinetics of Bgh infection, these patterns in the late response category correspond 
with post-penetration of epidermal cells and the formation of the haustoria.  Thus, susceptible 
plants were responding earlier than their resistant counterparts and this transcriptional 
reaction coincides with the physical interaction at the perihaustorial interface between plant 
cell and fungal pathogen. 
Integration of Gene Expression Differences Demonstrates a Strong Transcriptional 
Response that Occurs Earlier in Compatible Interactions 
In order to understand the magnitude of the response to Bgh invasion, we integrated fold 
change as a measure of the quantitative effect occurring at each time point in inoculated 
versus non-inoculated seedlings.  We used only those genes with ternary patterns in either the 
wild-type or mutant genotypes and selected fold change ranges of 2 to 3, 3 to 4, 4 to 5, 5 to 
10, and greater than 10, to broadly categorize the level of induction or suppression for genes 
at each time point.  As shown in Figure 2, both incompatible and compatible interactions 
have a spike in gene expression at 8 HAI, suggesting that a strong non-specific response 
occurs regardless of the presence or absence of MLA.  By 20 HAI, two major patterns in 
differential expression distinguish the two interaction types.  Incompatible interactions have a  
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Fig. 2.  A strong transcriptional response occurs earlier in loss-of-function mla as compared to wild-
type plants.  Fold change between inoculated and non-inoculated plants was derived for genes with a 
consensus expression pattern (Fig. 1) at each time point.  Stacked bar plots show fold change 
categories of 2 to 3 (red), 3 to 4 (yellow), 4 to 5 (green), 5 to 10 (blue), and greater than 10 (violet) for 
wild-type (CI 16137, CI 16151, and Sultan-5) and mutant alleles (mla1-m508, mla6-m9472, and 
mla12-m66) of Mla. 
 
progressively growing set of genes that are both differentially expressed and also increasing 
in their relative fold change from 20 to 32 HAI.  In contrast, compatible interactions show an 
early induction of gene expression with high fold change at 20 HAI, but this strong effect 
either weakens gradually with time (mla1-m508) or the larger fold change categories (5-10 
and 10+) become stagnate (mla6-m9472 and mla12-m66). 
It is counter-intuitive that plants lacking a functional Mla allele have earlier 
induction/suppression in gene expression.  Early activation may represent a miscoordination 
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in transcriptome reprogramming, where the plant is initiating several pathways in an 
inappropriate order, thus providing a window of opportunity to the pathogen.  Alternatively, 
in the absence of MLA, Bgh may activate these genes deliberately as a means of disarming 
the plant.  Regardless of the mechanism, the transcriptional cascades observed at 20 HAI 
implicate the time between 16 and 20 HAI as a key turning point in the signal transduction 
initiating the observed transcriptional response (17, 18).  This time point falls within the 
range of time points (12 – 18 HAI) where recognition of AVRa by MLA leads to 
relocalization of the R protein and initiation of transcriptional cascades leading to the HR 
(13). 
Identification of the MLA Transcriptional Regulon 
The molecular kinetics of MLA translocation to the nucleus and subsequent 
transcriptional cascades implicates transcriptome reprogramming as a primary mechanism 
that leads to the HR.  The in vitro interaction of the CC domain of MLA with transcription 
factors WRKY1/2, coupled with the observation of in planta physical association in the 
nucleus using Förster resonance energy transfer (FRET) reveals MLA as an interactor of 
WRKY1/2 (13).  Both transcription factors are repressors of basal defense in compatible 
interactions with Bgh, suggesting that the inhibitory function of MLA provides gain-of-
function expression of WRKY1/2 repressed targets.  Though it is unclear if these two 
transcription factors are the only targets of MLA and whether or not the nature of WRKY1/2 
transcriptional regulation after interaction with MLA is completely inhibitory, our paired 
analysis of wild-type and mutant lines is a robust experimental design for identifying genes 
that belong to the MLA transcriptional regulon. 
We focused on 16 HAI, as it is prior to major transcriptional cascades observed at 20 
HAI, it coincides with relocalization of MLA, and it is the most ideal time point in our time 
course for detecting the primary transcriptional targets of MLA and its interactors.  We 
hypothesized that genes in the MLA transcriptional regulon would have small quantitative 
effects between incompatible and compatible interactions and that this effect would be 
conserved across all three wild-type and mutant pairs.  To test this, we compared genes 
present in each of the five fold change categories (2-3, 3-4, 4-5, 5-10, and 10+) at 16 HAI 
between each wild-type and mutant pair, with the intent to identify genes with lower fold 
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change in mutant as compared to wild-type or the reverse.  The results are summarized in 
Figure 3, with suppression in the mutant as compared to wild-type in the upper right quadrant 
in magenta and induction in the mutant as compared to wild-type is depicted in the lower left 
quadrant in green.  The diagonal represents genes conserved within a fold change category 
between a wild-type and mutant pair.  Interestingly, we found that all three paired wild-type 
and mutant alleles of Mla have between 2.8 to 5.4 times as many genes suppressed in mla 
relative to Mla as compared to the reverse.  Specifically, 228 genes were suppressed in mla1-
m508 as opposed to 81 in CI 16137 (Mla1), 236 genes were suppressed in mla6-m9472 
versus 83 genes in CI 16151 (Mla6), and lastly, 220 genes were suppressed in mla12-m66 
versus 41 in Sultan-5 (Mla12). 
To control for the case that suppression may be associated with genotype-specific effects 
or minor differences that met the threshold cutoff but are not biologically relevant, we 
identified those genes conserved in their suppression in all three wild-type and mutant pairs.  
Shown as a Venn diagram in Figure 3, 28 genes were suppressed in all compatible 
interactions relative to incompatible interactions at 16 HAI (Table 1).  Annotation of these 
genes identified a broad set of functional roles, involving redox homeostasis, signal 
transduction, energy transfer, proteolysis, protein folding, transport, ethylene biosynthesis, 
protein degradation, defense, transcription, and several genes with unknown function.  
Strikingly, all genes identified are induced after inoculation with Bgh, with a diversity of 
patterns that include early, mixed, and late responses.  Thus, increased expression was 
associated with the wild-type Mla compared to the paired mutant mla allele for all twenty-
eight genes.  As candidates of the MLA transcriptional regulon, this implicates MLA as an 
activator of gene expression, a hypothesis in line with the suppressor role of MLA to the 
basal defense repressors WRKY1/2.  Though indirect, this association and the functional 
annotations of these targets provide additional support for these genes as candidates for 
MLA-mediated transcriptional activation. 
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Fig. 3.  Quantitative suppression in gene expression correlates with resistance at 16 and 32 HAI.  
Comparisons were made between the gene content of the fold change categories used in Fig. 2 between 
wild-type and mutant pairings at (A) 16 and (B) 32 HAI.  The upper right portion (magenta) of 
individual matrices correspond to genes with suppressed expression in mutant as compared to wild-
type alleles of Mla.  The lower left portion (green) of individual matrixes correspond to gene having 
enhanced expression in mutant as compared to wild-type alleles of Mla.  (C) Genes quantitatively 
suppressed in any of the wild-type and mutant pairs (upper right portion; magenta) are shown with 
their intersection between three wild-type and mutant pairs. 
 
As candidates of the MLA transcriptional regulon, we expected that the genes identified 
may overlap with basal defense processes, regulated in part by pattern recognition receptor-
mediated signaling and/or functionally associated with defense (29).  Several of the genes  
 Table 1.  Candidates for MLA transcriptional regulon based on quantitative suppression in three wild-type and mutant pairings at 
16 HAI. 
Consensus expression 
patterns 
Probe Set Barley1* Wild-type Mutant Accession/Locus Organism e-score Annotation 
Contig2170_at 2170 0000++ 0000++ Q01482 Triticum aestivum 9.00E-08 WIR1A protein 
Contig2639_at 2639 0+++++ 0+0+++ Os05g05680.1 Oryza sativa 1.00E-156 1-aminocyclopropane-1-carboxylate oxidase 
Contig3568_at 3568 0+++++ 000+++ Q7XJ26 Hordeum vulgare 0 Iron/ascorbate-dependent oxidoreductase 
Contig3744_s_at 3744 00++++ 000+++ Os04g58850.1 O. sativa 4.00E-84 Harpin inducing protein 
Contig4942_at 4942 0+++00 000+00 Os02g32520.2 O. sativa 0 Early Responsive to Dehydration 1 (ERD1) 
protein 
Contig5537_at 5537 0+++++ 0+++++ Os07g01560.2 O. sativa 2.00E-69 Sugar transport protein 1 
Contig5876_at 5876 0+0+++ 000+0+ Os01g08110.1 O. sativa 0 Flavonol-3-O-glycoside-7-O-glucosyltransferase  
Contig8468_at 8468 00+++0 00++00 Os01g38980.2 O. sativa 1.00E-128 Calmodulin binding protein / flavin-containing 
monooxygenase  
Contig8949_at 8949 0++000 000+00 Os03g17310.1 O. sativa 0 Calcium-transporting ATPase 2, endoplasmic 
reticulum-type 
Contig9422_at 9422 0+++0+ 000+0+ Os01g07870.1 O. sativa 1.00E-141 Multidrug resistance-associated protein / 
calcium-transporting ATPase 
Contig10615_at 10615 00+000 000000 Os03g07400.1 O. sativa 5.00E-42 Unknown protein 
Contig10860_at 10860 0+++++ 0+0+++ Os03g58980.1 O. sativa 5.00E-42 Germin-like protein 
Contig11154_at 11154 0+++++ 0++++0 n.a. H. vulgare n.a. HvCDPK5 
Contig11285_at 11285 0+0+++ 0+0+++ Os04g37600.1 O. sativa 1.00E-148 Phosphate carrier protein 
Contig12286_s_at 12286 0+0+0+ 000+00 Os06g35700.1 O. sativa 0 Reticuline oxidase precursor 
Contig12724_at 12724 0+++++ 0+0+++ Os03g03034.2 O. sativa 1.00E-122 Flavonol synthase/flavanone 3-hydroxylase 
Contig13091_s_at 13091 00++0+ 000+00 Os06g50390.1 O. sativa 1.00E-18 Aspartic-type endopeptidase / pepsin A 
Contig14304_at 14304 0+++++ 0+0+++ Os10g38470.1 O. sativa 8.00E-84 Glutathione S-transferase 
Contig15548_at 15548 00++++ 000+++ Os05g25210.1 O. sativa 1.00E-148 Heat shock protein DnaJ 
Contig21659_s_at 21659 0000++ 0000++ Os11g37700.1 O. sativa 8.00E-71 ATPase 
Contig24439_at 24439 00+++0 000+00 Os02g43430.1 O. sativa 7.00E-77 Protein kinase APK1B 
Contig26368_at 26368 0++++0 0+++00 Os06g11450.1 O. sativa 5.00E-08 RING-H2 finger protein ATL3B precursor 
*Unigene identification numbers from assembly 25 of HarvEST (www.harvest.ucr.edu) 
32 
 
33 
 
 
Table 1. (continued) 
Consensus expression 
patterns 
Probe Set Barley1* Wild-type Mutant Accession/Locus Organism e-score Annotation 
EBem10_SQ002_I10_s_at 29452 0+++++ 0+0+++ Os01g59660.2 O. sativa 0 Transcription factor - GAMYB 
HF22G17r_at 34443 0++000 000+00 n.a. n.a. n.a. Unknown 
HV_CEa0009C05r2_s_at 39626 000+0+ 0000++ Os01g48360.2 O. sativa 2.00E-16 Expressed protein 
HV_CEb0004O15r2_s_at 39931 0+0+++ 0+0+++ Os10g38470.1 O. sativa 1.00E-82 Glutathione S-transferase 
HVSMEb0007D15r2_at 41025 00++++ 00++++ Os06g45570.1 O. sativa 2.00E-21 VQ motif family protein 
HVSMEf0001H14r2_at 42024 00++++ 00++++ n.a. n.a. n.a. Unknown 
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expression pattern and annotations fulfilled our previous expectations.  Of the genes involved 
in redox homeostasis, Contig10860_at is predicted to encode a germin-like protein that has 
the majority of its sequence information derived from in cDNA libraries of powdery mildew-
inoculated tissue.  Though it has yet to be characterized in the barley-Bgh interaction, several 
other members of this protein family are both positively and negatively associated with 
resistance (30, 31).  Their direct involvement in defense has been attributed to their 
production of hydrogen peroxide (H2O2) from superoxide dismutase and/or oxalate-oxidase 
activity (30, 31).  Genes involved in signal transduction have been analyzed using the same 
family-wise approach used with germin-like proteins, with the initial characterization of the 
family of calcium-dependent protein kinases (CDPKs) by Freymark et al. (32).  The CDPKs 
of barley also modulate resistance to Bgh in a variety of contexts, such as mlo and basal 
penetration resistance.  Identification of HvCDPK5 (Contig11154_at) in our analysis at 16 
HAI implicates its potential role in defense, although this gene was excluded in those tested 
by Freymark et al. (2007) as it did not have a full length coding sequence.  Of the remaining 
genes, two genes have been identified by their transcriptional profile previously during the 
barley-Bgh interaction.  HV_CEb0004O15r2_s_at is predicted to encode a glutathione S-
transferase (GST) that was identified in Caldo et al. (2004) as correlated kinetically with 
resistance between alternative alleles of Mla and contrasting Bgh isolates.  Contig4942_at 
(Early Responsive to Dehydration 1 (ERD1) homolog) was identified by Jansen et al. (2005) 
using a differential screening approach between paired isogenic Mlg (CI 16139) and mlg (CI 
16140) plants in cv. Manchuria background.  ERD1 is known to be induced in Arabidopsis 
thaliana by water stress and during senescence (33) and is induced in barley by both Bgh 
challenge and treatment with the resistance-inducing chemical benzothiadiazole (34).  
Collectively, the variety of biological roles associated with the candidates of the MLA 
transcriptional regulon may reflect the need for a diversity of pathways to activate the 
hypersensitive reaction. 
The signaling cascades at 16 HAI and later time points control both the transcriptional 
and phenotypic outcomes of the barley-Bgh interation.  It follows that genes associated with 
resistance at later time points may identify downstream targets of this primary signaling 
cascade or transcriptome reprogramming related to post-resistance mechanisms.  We found a 
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similar effect at the 32 HAI as compared to 16 HAI, where quantitative suppression of 
expression in mutant mla alleles as compared to wild-type Mla predominated all three paired 
compatible and incompatible interactions.  In total, 66 genes were associated with resistance, 
with 45 genes induced and 21 genes suppressed in response to Bgh challenge.  An even 
greater diversity of functional roles were identified, revealing the complexity associated with 
downstream responses to Bgh challenge. 
So far, our analyses have focused on gene expression associated with resistance, i.e., 
genes having lower expression in mutant alleles of mla compared to wild-type Mla alleles.  
Alternatively, we identified genes having greater expression in mutant mla versus wild-type 
Mla.  Remarkably, the expression of eight genes were associated with susceptibility at 32 
HAI.  Functional annotation of these genes established that four were fungal in origin, arising 
from several libraries using barley tissue inoculated with Bgh (25).  This was significant, as 
the majority of these genes had been removed via sequence similarity to known fungal 
genomes during the design phase of the Barley1 GeneChip (25).  Additionally, one of the 
four fungal genes (represented by HVSMEm0013N06r2_at) was the only gene associated 
with susceptibility at 16 HAI.  It is difficult to ascertain the significance of this association, 
as these Bgh genes represent only a handful that were not removed from the GeneChip (25).  
Their identification does demonstrate that our approach for detecting quantitative expression 
differences associated with susceptibility reflects the establishment or death of Bgh on the 
surface of barley leaves. 
Discussion 
Our molecular understanding of plant-pathogen interactions is most complete at the level 
of perception.  A primary component of this perception is the recognition of highly 
conserved components of microbes, called pathogen-associated molecular patterns (PAMPs) 
(29).  Plant receptors of PAMPs located at the cellular periphery or the plasma membrane, 
recognize these components and mediate a signal transduction cascade that generates an 
innate immune response (29).  To counter this, pathogens have within their repertoire a 
diverse set of effectors that act as inhibitors of the PAMPs-mediated resistance.  In barley 
powdery mildew, AVRa10 and AVRk1 are two avirulence genes that have effector function, 
wherein transient expression in barley enhances the penetration efficiency of Bgh (6).  Plants 
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have developed an effective countermeasure, by elevating the mechanism of perception from 
a broader recognition range (such as PAMPs) to specific AVR genes via Resistance (R) genes 
(29).  Functional characterization of machinery associated with the perception of both 
PAMPs and AVR has expanded our understanding of the uppermost tier of plant defense and 
additional work has characterized downstream signaling after recognition of PAMPs. 
In contrast, our understanding of the signal transduction of R gene-mediated recognition 
and the molecular cues associated with the initiation of the hypersensitive reaction is limited 
(21, 35).  In barley, Rar1 and Sgt1 are required for Mla-mediated resistance, although this 
requirement is allele specific (36, 37), with dependence on Rar1 localized to a single-amino 
acid in the 6th LRR of MLA6/MLA13 (9, 36, 37).  Results from in vitro and in vivo 
interaction assays have pointed to a intermolecular complex composed of MLA, RAR1, 
SGT1, and HSP90 (36, 38-40), demonstrating that these components are involved in R 
protein stability and signal transduction after recognition, but not necessarily the initiation of 
the hypersensitive reaction.  The next step in MLA signaling was reported in 2007, when 
Shen and colleagues linked R gene-mediated programmed cell death with the direct 
interaction of MLA and the transcription factors WRKY1/2, implicating the role of either de 
novo or enhancement/suppression of transcription in mediating the HR (13).  In addition, 
they detected minor quantities of MLA present in the nucleus in non-inoculated plants when 
overexpressing a MLA-YFP fusion (13, 41).  Therefore, the kinetics of MLA localization 
may quantitatively determine the qualitative phenotypic response, such that presence of the 
appropriate AVRa effector significantly perturbs the balance of cytoplasmic/membrane and 
nuclear localized MLA.  It is interesting to speculate if this balance could be altered to a 
minor extent by (1) the presence of inappropriate AVRa proteins in Bgh or (2) in compatible 
interactions of type MLA-avra, where residual presence of the avra protein affects the 
localization of MLA, but not sufficiently so as to generate an HR.  Both scenarios would 
explain the differences in the work presented here and previous investigations, where an 
allele of MLA was present in all genotypes and the Bgh isolates used were not isogenic for 
the selected AVRa genes (17, 18).  It follows that the fluctuating rates of nuclear import and 
export may directly determine the expression levels of transcriptional targets of MLA, 
assuming translocation alone determines MLA function. 
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We identified candidate genes in the MLA transcriptional regulon by characterizing 
genes that were quantitatively suppressed in loss-of-function mla mutants as compared to 
wild-type alleles at 16 HAI.  The twenty-eight genes identified had a stronger transcriptional 
response to inoculation in wild-type alleles of Mla as compared to paired loss-of-function 
mla mutants at 16 HAI.  The diverse biological roles and early induction of these candidates 
substantiates several hypotheses associated with downstream transcriptional targets of MLA 
(13, 21, 42).  One hypothesis is based on the interaction of MLA with repressors of basal 
defense, suggesting that candidate gene targets overlap with genes involved in PAMPs-
triggered immunity (13, 29).  Three lines of evidence suggest that we have identified the 
candidates of the MLA transcriptional regulon based on this hypothesis.  First, of the twenty-
eight candidates, seventeen were found to be induced by 8 HAI, implicating their early role 
in the defense response.  Second, functional annotation reflects a direct overlap with known 
roles in plant-pathogen interactions (CDPK, GST, germin-like proteins, ATPase).  
Interestingly, the detection of glutathione S-transferase by Caldo and colleagues (2004) and 
here suggests that it may be an essential target of MLA regulation and/or its expression is 
hypersensitive to MLA relocalization (17).  Third, only activation of gene expression was 
observed after MLA nuclear localization.  Credibility for the association of these genes with 
MLA regulation was reinforced by the interrogation of both the 16 and 32 HAI time points, 
where expression of several Bgh genes present on the Barley1 GeneChip were associated 
with susceptibility. 
The generation of a comprehensive index of differentially expressed genes and 
incorporation of fold change provided a global overview of the transcriptome reprogramming 
in the context of incompatible and compatible interactions.  An earlier miscoordinated 
transcriptional response was observed in compatible interactions, correlating with the 
establishment of Bgh haustoria.  This response was not sustained, as the number of genes 
with expression in the upper fold change categories (5-10 and 10+) was either unchanged in 
later time points or significantly reduced.  This result is somewhat similar to an observation 
in the grape-powdery mildew interaction, where resistant varieties had very few differentially 
expressed genes as compared to susceptible varieties (43).  In contrast to this system, 
incompatible interactions displayed a progressively increasing expression response.  To what 
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extent this effect is specific to MLA may be associated with the importance of MLA 
localization in the nucleus in non-inoculated cells and its inhibitory role in the early induction 
of a large set of genes in response to Bgh invasion.  Clearly, the earlier and stronger 
induction in loss-of-function mla genotypes and identification of candidate genes of the MLA 
transcriptional regulon provides an enhanced link between innate immunity and the early 
transcriptional role of MLA in response to Bgh. 
Materials and Methods 
Fungal Isolates 
Bgh isolate 5874 (44, 45) (AVRa1, AVRa6, AVRa12) was propagated on barley (Hordeum 
vulgare) cv. Manchuria (CI 2330) in a controlled growth chamber with 16 h (4:00 to 11:59 
PM Central Standard Time) light and 8 h (12:00 AM to 3:59 PM Central Standard Time) 
darkness at 18oC. 
Plant Materials 
CI 16137 (Mla1) and CI 16151 (Mla6) are near isogenic lines in the barley cv. Manchuria 
(6-row barley) (22).  Mutants mla1-m508 and mla6-m9472 are derived from γ-irradiation and 
fast neutron mutagenesis of CI 16137 and CI 16151, respectively (12, 20).  Sultan-5 (2-row 
barley) harbors the Mla12 resistance allele (23).  Sultan-5-derived loss-of-resistance mutant 
mla12-m66 was generated by ethylmethane sulfonate (EMS) mutagenesis (11, 23). 
Experimental Design 
Planting, stage of seedlings, inoculation, and leaf tissue sampling were followed as 
described in Caldo et al. (2006) (18).  Two 20 x 30-cm flats per genotype of CI 16137, CI 
16151, Sultan-5, mla1-m508, mla6-m9472, and mla12-m66 were planted in sterilized potting 
soil.  One flat of seedlings was used for non-inoculation control and the other was used for 
inoculation treatment for each genotype.  Each experimental flat consisted of six rows of 15 
seedlings, with rows randomly assigned to one of the six harvest times (0, 8, 16, 20, 24 and 
32 HAI).  The entire experiment was repeated three times in a split-split plot design with 
genotype, inoculation type, and harvest time as whole-plot, split-plot, and split-split-plot 
factors, respectively. 
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Target Synthesis and GeneChip Hybridization 
Total RNA was isolated using a hot (60°C) phenol / guanidine thiocyanate method as 
described in Caldo et al. (2004; 2006) (17, 18).  Probe synthesis and labeling were performed 
at the Iowa State University GeneChip Core facility 
(www.biotech.iastate.edu/facilities/genechip/Genechip.htm) using the One Cycle and 
GeneChip IVT labeling kits.  The cRNA was fragmented and used to make each 
hybridization cocktail containing 10% DMSO and an equivalent of 5 μg was hybridized to 
Barley1 GeneChip probe arrays (Affymetrix #900515) (25).  All detailed protocols can be 
accessed online within the PLEXdb parallel expression database (http://plexdb.org/) (46). 
Normalization and Mixed Linear Model Analysis 
Normalization, data transformation and mixed linear model analysis (26) were patterned 
after the methods used in Caldo et al. (2004; 2006) (17, 18).  The data was split into two data 
sets based on genetic background, cv. Sultan-5 or cv. Manchuria, for the mixed model 
analysis.  An estimate statement was made in SAS v9.1 to compare transcript levels between 
inoculated and non-inoculated plants of a specific genotype per time point (SAS Institute 
Inc., Cary, North Carolina).  False discovery rates (FDR) were estimated for each estimate 
using a Python-implementation of the histogram-based algorithm described by Nettleton et 
al. (2006) (27). 
Data Access 
All microarray data was deposited in PLEXdb (www.plexdb.org) with accessions BB2 
for the 180 GeneChip experiment involving Sultan-5 and its derived mutants and BB10 for 
the 144 GeneChip experiment involving cv. Manchuria near-isogenic lines and loss-of-
function mutants.  Data files have also been deposited in ArrayExpress 
(http://www.ebi.ac.uk/arrayexpress) with accessions E-TABM-82 (cv. Sultan-5 experiment) 
and E-TABM-142 (cv. Manchuria experiment). 
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CHAPTER 3. FUNCTIONAL POLYMORPHISMS IN BOTH QUANTITATIVE AND 
QUALITATIVE STEM RUST RESSITANCE FACTORS IN BARLEY ARE 
ASSOCIATED WITH TRANSCRIPTIONAL SUPPRESSION OF 
INTERCONNECTED DEFENSE REGULONS 
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Abstract 
Stem rust (Puccinia graminis f. sp. tritici) is a devastating fungal disease with a host 
spectrum that includes wheat, barley, and its alternate host, common barberry.  Resistance in 
barley to P. graminis f. sp. tritici race TTKSK (Pgt Ug99), a race with novel virulence, is 
mediated by the Rpg-TTKSK locus on chromosome 5H that contains the known resistance 
genes rpg4 and Rpg5.  Variation in resistance observed on young plants of the Q21861 x 
SM89010 (QSM) doubled haploid (DH) population was found to be predominantly a 
qualitative phenotype, with little of the remaining variance explained by loci other than Rpg-
TTKSK.  In contrast, infection phenotypes assayed on adult QSM DH plants infected by field 
inoculum of Pgt Ug99 in Njoro, Kenya found several additional quantitative trait loci that 
contribute to resistance.  To molecularly characterize these loci, Barley1 GeneChips were 
used to measure expression of 22,792 genes in the QSM population after treatment with Pgt 
Ug99 or mock-inoculation.  By analyzing the changes in genomic distributions of expression 
Quantitative Trait Loci (eQTL) between treatments, we found that a trans-eQTL hotspot is 
not associated with Rpg-TTKSK, but instead an inoculation-dependent expression 
polymorphism in Adf3 implicates it as a candidate susceptibility gene.  Additionally, we 
identify a chromosome 2H trans-eQTL hotspot that regulates the expression of hundreds of 
inoculation responsive genes scattered throughout the genome.  This 2H.17 locus coincides 
with an enhancer of R gene-mediated, adult plant resistance discovered through the Njoro 
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field trials.  The co-localization of a trans-eQTL hotspot and an enhancer of Rpg-TTKSK 
mediated resistance to Pgt Ug99 suggest that this function is carried out by the active 
suppression of the transcriptional defense response. 
Introduction 
Plants respond to invading pathogens with several forms of defense, ranging from the 
generation of toxic chemicals to programmed cell death [1].  These defense strategies do not 
occur coincidentally, but rather by successive rounds of chemical, physical, and enzymatic 
barriers introduced to impede pathogen progression.  Initially, signaling cascades activate 
non-specific defense mechanisms after pattern recognition receptors (PRR) recognize 
pathogen-associated molecular patterns (PAMPs) from the pathogen, such as flagella and 
chitin, or cell wall fragments produced as a result of pathogenesis [1,2].  Generally, plants are 
successful at blocking the pathogen at the site of entry by the aforementioned non-specific 
defense mechanisms, such as callose deposition.  When primary impediments fail, a 
secondary more extreme form of defense known as gene-for-gene resistance, recently 
designated as effector triggered immunity (ETI), may occur if the plant has the appropriate 
resistance (R) gene to recognize an appropriate pathogen avirulence (AVR) effector [1,3].  
Though extreme, ETI-mediated programmed cell death restricts pathogen ingress, essentially 
destroying the nutrient source required for colonization. 
Stem rust, caused by the obligate fungal biotroph Puccinia graminis f. sp. tritici (Pgt), 
has been a serious problem wherever wheat and barley are grown [4-7].  Urediniospores of 
Pgt germinate within 4 to 8 hours after inoculation (HAI), which occurs naturally during 
dewy nights [8].  After germ tube extension and recognition of stomatal openings, 
appressoria form around 12 HAI.  Growth continues at dawn, with the generation of a 
penetration peg that initiates sub-stomatal invagination of host tissue, development of 
infection hyphae, and differentiation of haustorial mother cells.  Barley mediates resistance to 
formae speciales of P. graminis by several Rpg (Resistance to P. graminis) resistance genes 
[9].  To date, eight Rpg resistance genes have been identified, with five genes mediating 
resistance to races of Pgt and three genes to P. graminis f. sp. secalis (Pgs) [9].  The 
observation of a new highly virulent race of Pgt, TTKSK, commonly referred to as Ug99 
(Pgt Ug99), initiated a major collaboration to identify resistance genes in germplasm 
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repositories of wheat and barley (www.globalrust.org) [10-12].  In the search of existing and 
novel loci that mediate resistance to Pgt Ug99, Steffenson and colleagues identified the Rpg-
TTKSK locus on the long arm of chromosome 5H contributed from the barley cultivar 
Q21861 [9].  This locus had previously been implicated in stem rust resistance with the fine-
mapping of rpg4 and cloning of Rpg5 [13].  Rpg5 provides dominant/semi-dominant 
resistance to P. graminis f. sp. secalis (Pgs) race 92-MN-90, while the recessive resistance 
gene rpg4 confers immunity to Pgt race QCCJ.   Sequencing of the genomic region in cv. 
Morex (Rpg4; rpg5) found five candidate genes encoding two nucleotide-binding site (NBS), 
leucine-rich repeat (LRR) proteins (RGA1, RGA2), two actin depolymerizing factors (ADF2, 
ADF3), and a protein phosphatase 2C protein (PP2C) [13].  Rpg5 was coupled to one of the 
NBS-LRRs, although it was found that the gene from the resistant cultivar (Q21861) encoded 
a novel resistance gene that contains NBS and LRR domains in combination with a 
serine/threonine kinase domain [13].  The recessive resistance gene rpg4 has been associated 
with Adf2 as determined by allele and recombinant sequencing [13].  Interestingly, resistance 
in the informative recombinants to Pgt QCCJ indicates that both Rpg5 and rpg4 may be 
required to mediate an effective resistance response [14].  It is unknown which gene 
underlies Rpg-TTKSK mediated resistance to Pgt Ug99, but it is hypothesized that both Rpg5 
and rpg4 may be required [9]. 
Recently, several studies have exploited natural variation coupled with expression 
profiling to decipher complex regulatory pathways, and in some cases phenotypic 
consequences [15].  This approach is referred to as genetical genomics or expression 
quantitative trait locus (eQTL) analysis [16,17].  To catalog the regulation of gene expression 
in the barley-stem rust interaction, we analyzed in parallel the mRNA abundance of 22,792 
host genes in each member of the Q21861 x SM89010 (QSM) doubled-haploid mapping 
population subjected to Pgt Ug99-inoculation (INOC) and mock-inoculation (MOCK).  By 
integrating the dynamics of eQTL hotspot patterning, inoculation-responsive gene 
expression, and alternative regulatory control of eQTL between INOC and MOCK 
treatments, we describe two forms of transcriptional regulation that are associated with the 
resistance response.  First, we provide evidence for Adf3 as a candidate susceptibility gene 
for Rpg-TTKSK based on the strengthening of its allelic effect after Pgt Ug99-inoculation.  
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Second, we report the identification of a trans-eQTL hotspot that regulates the expression of 
hundreds of inoculation responsive genes.  This same locus coincides with an enhancer of 
adult plant, R gene-mediated resistance suggesting that functional polymorphisms at this 
locus lead to the transcriptional suppression of genes when carrying the allele that enhances 
resistance. 
Results 
Qualitative and Quantitative Resistance Responses in Barley Seedling and Adult Plants 
to Pgt Ug99 in the QSM Progeny 
The parents of the QSM population represent resistant and susceptible selections of 
barley against Pgt Ug99, with Q21861 and SM89010 exhibiting infection types (IT) of 0; and 
213- to 3 at the seedling stage, respectively [9,18].  These modified Stakman IT reflect the 
size of lesions by scoring on a scale from 0 to 3+ (“;” denotes necrotic flecks) and ordered by 
their observed frequency (Figure 1) [9,19,20].  The diversity of infection types on SM89010 
is a classic example of the mesothetic response commonly observed against Pgt, as compared 
with the complete resistance observed in Q21861 [21].  To identify additional loci that 
contribute quantitatively to resistance, we normalized the Stakman IT from the two replicated 
experiments described by Steffenson and associates (2009) [9] using weighted counting of 
the ordered IT to generate infection frequencies, IF0, IF1, IF2, and IF3 (see Materials and 
Methods) [22].  Additionally, these infection frequencies were decomposed using principal 
components analysis, a method used previously by Druka and colleagues (2008) to identify 
residual quantitative phenotypic variability in the Steptoe x Morex (SxM) barley mapping 
population in response to Pgt MCCF [22].  Principal component 1 (PC1) was found to 
explain 74.4% of the phenotypic variance, with PC2, PC3, and PC4 explaining 15.1%, 8.7%, 
and 1.9% of the remaining variance, respectively. 
We used a QSM genetic map generated from transcript-derived markers (TDMs) (see 
Materials and Methods) to perform composite interval mapping with infection frequencies 
and principal components [9,19,20,22].  This analysis identified several loci contributing to 
both qualitative and quantitative resistance.  The Rpg-TTKSK locus located on chromosome 
5H at bin 49 (5H.49) was the major qualitative locus for all infection frequencies and PC1 
 
48 
 
 
Figure 1.  Phenotypic diversity in the barley QSM doubled haploid mapping population on first leaf in 
response to Puccinia graminis f. sp. tritici race TTKSK (Pgt Ug99).  The modified Stakman infection 
types reflect the size of lesions by scoring on a scale from 0 to 3+ (“;” denotes necrotic flecks) and 
ordered by their observed frequency. 
 
 (Table 1).  Several minor effect QTL were detected for IF3, PC3, and PC4 at 7H.07, 1H.35, 
and 2H.60, respectively.  Although significant, all three QTL contributed very little to 
resistance as compared to the Rpg-TTKSK locus.  To determine whether these QTL were 
Rpg-TTKSK-dependent, we mapped QTL with the resistant (Rpg-TTKSK: 33 progeny) and 
susceptible (rpg-ttksk: 42 progeny) QSM sub-populations.  In total, 10 QTL were detected, 
with only one locus, 2H.60, contributing to resistance in both the resistant and susceptible 
sub-populations (Tables 2 and 3).  The resistance QTL detected at 2H.60 was the most 
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Table 1.  Seedling Resistance QTL to Pgt Ug99 Identified Using the QSM DH Lines Under 
Controlled Conditions. 
Trait Chra Bin cM EWTb LOD a Allelec PVEd 
Infection Frequency for Infection Type 0 5 49 146.78 3.22 23.49 0.33 Q21861 62.1 
Infection Frequency for Infection Type 1 5 49 146.78 3.28 18.43 0.23 Q21861 53.0 
Infection Frequency for Infection Type 2 5 48 145.43 3.05 4.47 -0.12 Q21861 19.6 
Infection Frequency for Infection Type 3 5 49 146.78 3.30 25.75 -0.46 Q21861 60.4 
7 7 11.18 3.30 3.98 0.10 SM89010 4.3 
Principal Component 1 5 49 146.78 3.40 34.29 0.63 n.a. 66.0 
Principal Component 2 none detected 
Principal Component 3 1 35 125.14 3.01 3.20 -0.09 n.a. 13.6 
Principal Component 4 2 60 193.54 3.27 5.50 -0.10 n.a. 24.8 
aChromosome  
bExperiment-wise threshold determined through composite interval mapping that included reselection of background 
markers for each of 1,000 permuted versions of the phenotype data. 
cAllele that confers greater resistance 
dPhenotypic variance explained 
 
significant QTL in both sub-populations; hence it is not surprising it was the only 
overlapping QTL.  It is likely that many minor effect QTL were not detected due to small 
population size and epistasis from the near complete seedling resistance mediated by Rpg-
TTKSK. 
In parallel with the seedling experiments, infection phenotyping was carried out in Njoro, 
Kenya during the 2008 growing season using natural inoculum of Pgt Ug99.  Resistance was 
surveyed three times in October and November by characterizing the severity (SEV) of 
infection measured in percent of leaf area infected (0 to 100%) and lesion size (LES) on a 
semi-quantitative scale (0.25 to 1.00).  An additional trait termed the ‘infection coefficient’ 
(IC) was generated by multiplying percent leaf area by the lesion size (SEV x LES).  As 
shown in Table 4 and Figure 2, resistance was predominantly mediated by Rpg-TTKSK 
(contributed by Q21861), reducing SEV by 7.7%, LES by 0.1 units, and the IC by 8.4%.  The 
second most prevalent QTL identified among the set of temporal observations was located on 
chromosome 2H at bin 16 (2H.16).  This 2H.16 locus (contributed by SM89010) reduced 
SEV by 6.7%, LES by 0.1 units, and IC by 8.5%.  QTL analysis and two-way ANOVA using 
resistant and susceptible sub-populations (based on their Rpg-TTKSK allele) found that 
resistance mediated by the 2H.16 was only detected in the resistant sub-population, 
implicating this locus as an enhancer of Rpg-TTKSK.  The greater number and strength of  
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Table 2.  Quantitative Trait Loci Identified in the Resistant Sub-Population (Rpg-TTKSK) of 
Seedlings of the QSM DH Mapping Population Inoculated with Pgt Ug99. 
Trait Chra Bin cM EWTb LOD a Allelec PVEd 
Infection Frequency for Infection Type 0 3 13 29.09 3.63 3.99 0.20 Q21861 19.6 
5 32 93.79 3.63 4.43 0.14 Q21861 22.4 
Infection Frequency for Infection Type 1 none detected 
Infection Frequency for Infection Type 2 none detected 
Infection Frequency for Infection Type 3 none detected 
Principal Component 1 2 61 193.61 4.33 7.94 0.15 n.a. 46.9 
3 41 108.73 4.33 4.77 -0.09 n.a. 21.9 
5 3 6.87 4.33 4.36 0.08 n.a. 19.3 
Principal Component 2 5 28 83.71 4.57 5.86 0.12 n.a. 40.4 
Principal Component 3 none detected 
Principal Component 4 2 58 181.52 3.65 6.47 0.10 n.a. 51.2 
aChromosome  
bExperiment-wise threshold determined through composite interval mapping that included reselection of background 
markers for each of 1,000 permuted versions of the phenotype data. 
cAllele that confers greater resistance 
dPhenotypic variance explained 
 
QTL detected in adult plants is likely a result of the environmental conditions present in 
Njoro, Kenya and the alternate phenotypic assays, permitting the detection of additional 
factors contributing to resistance. 
QTL analysis of both the seedling and adult progeny of the QSM population revealed that 
the most significant locus contributing to resistance was Rpg-TTKSK.  Greater than 50% of 
the phenotypic variance for IF0, IF1, IF3, and PC1 in seedlings was attributed to Rpg-
TTKSK, whereas, it only explained between 11.5% and 35.2% of the phenotypic variance in 
adult plants surveyed under field conditions depending on the trait and day of data collection.  
The greater contribution to the phenotypic variance from additional loci in adult progeny 
suggests that the narrow macroscopic resistance mediated by Rpg-TTKSK in seedlings may 
overshadow QTL such as 2H.16.  Although this effect occurs at the phenotypic level, the 
underlying mechanism may still be observed with a more sensitive assay at the molecular 
level.  Therefore, we reasoned that gene expression in Pgt Ug99-inoculated progeny of the 
QSM DH population could be used as surrogates for phenotypic assays meant to detect QTLs 
associated with resistance.  To maximize the variability among experimental genotypes and 
treatments, we considered Pgt infection kinetics as well as barley-Pgt time-course expression 
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Table 3.  Quantitative Trait Loci Identified in the Susceptible Sub-Population (rpg-ttksk) of 
Seedlings of the QSM DH Mapping Population Inoculated with Pgt Ug99. 
Trait Chra Bin cM EWTb LOD a Allelec PVEd 
Infection Frequency for Infection Type 0 none detected 
Infection Frequency for Infection Type 1 5 27 74.91 3.55 4.08 0.07 Q21861 27.3 
Infection Frequency for Infection Type 2 7 1 0.01 3.44 4.09 -0.16 Q21861 28.2 
Infection Frequency for Infection Type 3 6 30 83.63 3.51 4.38 -0.15 Q21861 21.9 
7 7 11.18 3.51 3.89 0.14 SM89010 18.9 
Principal Component 1 none detected 
Principal Component 2 7 1 0.01 3.54 4.35 0.19 n.a. 28.8 
Principal Component 3 4 10 37.2 3.38 4.07 0.19 n.a. 28.8 
Principal Component 4 2 45 124.38 3.64 4.85 0.05 n.a. 22.4 
  2 60 193.54 3.64 7.34 -0.11 n.a. 45.7 
aChromosome  
bExperiment-wise threshold determined through composite interval mapping that included reselection of background 
markers for each of 1,000 permuted versions of the phenotype data. 
cAllele that confers greater resistance 
dPhenotypic variance explained 
 
profiling data [23].  We selected 24 hours after inoculation (HAI), just after formation of Pgt 
haustoria and during intracellular hyphal growth [24,25]. 
Gene Expression Between the Parents of the QSM Population and in Response to Pgt 
Ug99 Inoculation 
The degree of variation between the parental lines Q21861 and SM89010 was estimated 
by using four biological replicates that were randomized among the 75 doubled-haploid 
progeny of the QSM population (see Materials and Methods).  Plants were inoculated with 
Pgt Ug99 urediniospores suspended in mineral oil or mock-inoculated with spore-free 
mineral oil.  After harvest, mRNA was extracted and hybridized to individual Barley1 
GeneChips.  A two-way analysis of variance (ANOVA) using genotype (Q21861 and 
SM89010) and treatment (INOC and MOCK) was performed using the natural log 
normalized expression data to determine the number of differentially expressed genes 
between genotypes, treatments, and their interaction.  Histogram-based estimation for false 
discovery rate (FDR) [26] found 6957, 1902, and 48 significant differences for genotype, 
treatment, and genotype x treatment effects when controlled for an FDR of 5%.  This 
suggested that considerable expression level polymorphisms exist between Q21861 and 
SM89010 that are not associated with Pgt Ug99 treatment, as approximately one quarter of  
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Table 4.  Adult Plant Resistance QTL Identified Using the QSM DH Lines Grown in a 
2008 Field Trial in Njoro, Kenya. 
Trait Date Chra Bin cM EWTb LOD a Allelec PVEd 
Severity 7-Oct-08 5H 46 141.4 3.26 9.03 -7.17 Q21861 27.3 
7H 32 76.8 3.26 6.04 -5.72 Q21861 15.7 
17-Oct-08 1H 47 165.6 3.22 4.38 6.18 SM89010 10.2 
2H 16 44.2 3.22 4.02 5.88 SM89010 9.3 
5H 27 74.9 3.22 5.77 -7.72 Q21861 14.1 
5H 46 141.4 3.22 7.14 -7.95 Q21861 17.6 
10-Nov-08 2H 16 44.2 3.30 3.92 7.09 SM89010 11.0 
5H 45 141.3 3.30 5.26 -8.34 Q21861 15.5 
6H 14 33.8 3.30 3.68 6.80 SM89010 10.3 
Lesion Size 7-Oct-08 3H 53 178.2 3.14 4.03 -0.08 Q21861 11.2 
5H 46 141.4 3.14 11.04 -0.14 Q21861 35.2 
17-Oct-08 2H 16 44.2 3.15 4.84 0.07 SM89010 11.3 
3H 53 182.2 3.15 4.57 -0.07 Q21861 10.9 
5H 25 72.2 3.15 6.90 -0.09 Q21861 10.9 
5H 50 148.1 3.15 10.02 -0.11 Q21861 28.0 
10-Nov-08 5H 27 74.9 3.13 6.21 -0.06 Q21861 19.3 
5H 48 145.4 3.13 4.06 -0.04 Q21861 11.8 
6H 4 6.7 3.13 3.38 0.04 SM89010 9.6 
Infection Coefficient 7-Oct-08 5H 46 141.4 2.98 10.25 -8.14 Q21861 30.9 
7H 32 76.8 2.98 6.36 -6.10 Q21861 16.8 
17-Oct-08 1H 44 154.8 3.17 4.16 6.76 SM89010 10.9 
2H 16 44.2 3.17 5.21 7.35 SM89010 13.3 
5H 48 145.4 3.17 7.35 -9.03 Q21861 19.9 
10-Nov-08 1H 47 165.6 3.21 4.33 8.04 SM89010 11.7 
2H 16 44.2 3.21 3.63 7.28 SM89010 9.6 
5H 27 74.9 3.21 5.75 -10.09 Q21861 16.3 
    5H 48 145.4 3.21 4.32 -7.83 Q21861 11.5 
aChromosome  
bExperiment-wise threshold determined through composite interval mapping that included reselection of background 
markers for each of 1,000 permuted versions of the phenotype data. 
cAllele that confers greater resistance 
dPhenotypic variance explained 
 
genes measured by the Barley1 GeneChip were identified as differentially expressed between 
these two cultivars (Figure 3).  The majority of genes with significant differences with 
respect to genotype had fold change less than 2 (71.6%), with a significant bias towards 
greater expression from SM89010 alleles (920 Q21861 : 1055 SM89010; pχ2 (1:1) = 0.0023).   
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Figure 2.  Field evaluation of the QSM population in Njoro, Kenya identifies two quantitative trait loci 
located on chromosome 2H and 5H that contribute significantly to resistance.  Upper panel, the LOD 
curves from composite interval mapping of the Pgt Ug99 infection coefficients (product of percent 
severity and lesion size (scale of 0.25-1.0)) in the 2008 growing season.  Black, gold, and cyan 
correspond to the dates that phenotypes were collected, 7 Oct 2008, 17 Oct 2008, and 7 Nov 2008, 
respectively.  LOD curves were normalized to their respective experiment-wise thresholds, shown as 
the horizontal blue line.  Lower panel, the additivity for the allelic effect on the infection severity, with 
the red line denoting zero, negative values are contributed by the Q21861 allele, and positive values 
are contributed by the SM89010 allele. 
 
This bias was reversed when considering genes with a fold change greater than 5 (267 
Q21861 : 194 SM89010; pχ2 (1:1) = 0.00067).  For the treatment effect, 1902 genes were 
differentially expressed, of these, 995 were induced and 907 were suppressed.  For those 
genes that were induced, 362 (36.4%) displayed a fold change greater than 2, while only 107 
(11.8%) suppressed genes met the same 2-fold change threshold.  These results are similar to 
other plant-fungal interactions, where induction of gene expression is the strongest 
transcriptional response [27].  Concordantly, we expected the relatively small number of 
genes with an interaction between genotype and treatment, as most variation in gene 
expression attributed to inoculation is not genotype specific and rarely will show reciprocal 
patterns of expression between genotypes [28,29], i.e., if a gene is induced, it is almost 
always induced, or conversely, if a gene is suppressed, it is almost always suppressed.  
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Figure 3.  Ternary plot of percent effect explained by genotype (G), treatment (T), and genotype x 
treatment (G x T).  (A) Genes shown have over 50% of their variance (from two-way ANOVA) 
explained by the sum of the three effects (G, T, and G x T).  Point colors of magenta and green show 
whether or not a given gene had a transcript-derived marker, respectively.  The majority of genes 
having TDMs are those with a significant genotype effect, suggesting strong allelic polymorphisms 
between parents Q21861 (Q) and SM89010 (SM).  The bottom panel shows representative examples 
for the extremes of genotype (B), treatment (C), and their interaction (D). 
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Pgt Ug99-Responsive Gene Expression in the QSM Progeny 
Observation of differentially expressed genes in the parents alone sheds light on only a 
small fraction of the genetically diverse responses associated with defense.  By contrast, the 
use of a segregating population provides a biallelic sampling that incorporates genotypic 
variability when detecting differences between treatments (INOC and MOCK).  Two  
approaches were used to test the effect of pooling the diverse genotypic collection of QSM 
lines, first by performing an ANOVA between all QSM lines in INOC versus MOCK, and 
second, using a paired t-test with respect to QSM line between INOC and MOCK.  
Controlling the FDR at 0.1%, 5997 and 5614 genes were differentially expressed using these 
two approaches, respectively, with an overlap of 5325.  This suggested that the difference 
found between INOC and MOCK either among lines or between lines was shared in the 
inoculation response.  A significant overlap was found between genes that were differentially 
expressed in the progeny (5325) and those that were differentially expressed in the parents 
(1902), with the intersection consisting of 1476 genes.  Though highly overlapping, these two 
gene lists had a considerable number of genes not shared in the intersection (3849 progeny; 
426 parents).  We found that this was mainly explained for in the progeny by the higher 
sensitivity to declare differential expression with the progeny, as the correlation of log-fold 
change of genes differentially expressed in either the parents or DH progeny was r2 = 0.83. 
Identification of eQTL in Pgt Ug99 INOC and MOCK Treatments 
Composite interval mapping was used to map eQTL in both INOC and MOCK 
experiments using natural log normalized expression data from the QSM population [30,31].  
Individual experiment-wise thresholds (EWT) were determined for each expression trait in 
both experiments by permuting expression values 1000 times with reselection of background 
markers [32,33].  When controlled at α = 0.05, EWT for INOC and MOCK exhibited mean 
LOD EWT of 3.138 and 3.142, respectively.  These are slightly lower than global LOD EWT 
estimated from 1000 random probe sets (INOC: 3.168 and MOCK: 3.167) [34], where a 
single threshold is used for all genes within a tissue/treatment.  As shown in Table 5, at least 
one eQTL was detected for 13628 and 15107 expression traits in INOC and MOCK, 
respectively, with an intersection of 9761 traits.  The number of linkages detected likely 
reflects the genetic diversity between Q21861 and SM89010, as an expression trait study in 
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Table 5.  Number of eQTL Per Trait Detected by Composite Interval Mapping in the 
INOC and MOCK Experiments. 
Number of eQTL detected per 
expression trait 
Number of expression traits 
INOC MOCK 
1 9,050 9,183 
2 3,563 4,505 
3 892 1,235 
4 110 168 
5 13 15 
6 - 1 
 
barley [35] with almost twice as many individuals had an equivalent number of significant 
linkages. 
The frequency of eQTL that met the EWT for both treatments is shown across the genetic 
map in Figure 4.  eQTL were found to be unevenly distributed across the genetic map, with 
several regions appearing to contain either an excess or shortage of eQTLs (hotspots and 
coldspots, respectively).  Hotspots may coincide with a greater density of genes (e.g., a 
genomic region with little recombination, common in pericentromeric regions) or by the 
occurrence of a regulator of steady-state mRNA levels with strong allelic variation.  
Sequencing of the 5-Gb barley genome is still underway [36], thus, we cannot directly 
compare all eQTL to their physical position or the specific number of genes within each bin.  
As an alternative, TDMs have been applied as surrogates for the physical positions of genes 
and as an estimate to the number of genes located within a genetic region [35].  Over and 
under-saturation of eQTL can be determined by using a contingency χ2 test on the ratio of 
TDM:eQTL for a region as compared to the entire experiment.  To fulfill the requirements of 
this test, we generated superbins by merged bins such that the sum of observed eQTL and 
TDM was greater than 70 for INOC and 81 for MOCK.  The merging of bins was performed 
using a greedy approach while observing the distribution of eQTL in both MOCK and INOC, 
thus, the same bins in each experiment were collected into a single superbin.  As shown in 
Figure 4 and Table 6, we identified seven regions in MOCK and four regions in INOC 
oversaturated with eQTL.  Of these loci, only 6H.40 was shared between these treatments, 
implicating Pgt Ug99 as an intense elicitor that provokes a drastic remodeling of 
transcriptional regulation. 
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Figure 4.  Distribution of eQTL, hotspots, and differentially expressed genes across the QSM genetic 
map in INOC (Pgt Ug99) and MOCK experiments.  (A) Histogram of eQTL in the INOC experiment 
(above), log10 of the contingency χ2 p-value showing regions found to have a significant proportion of 
genes either over or under-represented [positive (hotspots) and negative (coldspots) with closed and 
open circles above the threshold (dashed line; p = 0.001), respectively] suggesting the presence of 
major regulators of gene expression (middle), and a contingency χ2 log10(p-value) for regions over- or 
under-sampled for genes with eQTL differentially expressed in response to Pgt Ug99-inoculation, also 
closed and open circles above the threshold (dashed line; p = 0.001), respectively (below).  (B) 
Ordered similarly to (A) showing data for the MOCK experiment. 
 
Inheritance, Induction, and Suppression of Gene Expression in the Rpg-TTKSK Region 
In barley seedlings, resistance contributed by the Rpg-TTKSK locus significantly affects 
the phenotypic outcome.  Therefore, we hypothesized that an eQTL hotspot would form at 
this R-gene locus.  Contrary to our hypothesis, this region was not oversaturated for eQTL in 
INOC (p = 0.0872).  This suggested that resistance conferred by the Rpg-TTKSK locus may 
do so by activating and/or suppressing the expression of a small set of genes.  We found 68 
genes having novel regulation at the Rpg-TTKSK locus (5H.48/49/50) after inoculation with 
Pgt Ug99, with several genes known to function in PAMP-triggered immunity, ABA 
signaling, and reorganization of the actin cytoskeleton (AHK5 homolog, Tubby-like protein, 
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Table 6.  Superbins Significantly Oversaturated with eQTL or Inoculation Responsive 
Genes in INOC and MOCK Experiments. 
Data Set Saturation Term Chromosome Bins -log10(p-value) 
INOC DE1 2H 17, 18, 19 3.09 
2H 22, 23 4.24 
eQTL 2H 17, 18, 19 4.64 
3H 33, 34 3.35 
6H 28, 29 3.73 
6H 40 4.42 
MOCK DE1 2H 28, 29 9.98 
6H 37 8.71 
6H 40 6.45 
eQTL 2H 28, 29 4.93 
2H 51 4.86 
3H 25, 26 6.32 
3H 27 3.37 
5H 36, 37 5.71 
6H 37 6.36 
    6H 40 6.68 
1Number of differentially expressed genes in INOC versus MOCK  comparison (n=172) 
 
and BAK1, respectively) (see Appendix).  Another form of regulatory control at Rpg-TTKSK 
is the strengthening or weakening of basal expression after inoculation with Pgt Ug99.  To 
identify genes regulated in this manner, we analyzed the difference in the allelic effect 
estimate (additivity) for the 39 genes regulated in both INOC and MOCK at Rpg-TTKSK to 
determine whether a large deviation in the allelic effect estimates was observed between 
treatments (see Appendix).  Four probe sets (Contig4389_at, Contig7092_s_at, 
Contig7093_at, Contig26172_at) were found to have greater than a 0.10 difference in 
additivity between INOC and MOCK, with two of these probe sets (Contig7092_s_at and 
Contig7093_at) hybridizing to the same sequence encoding Adf3 [14].  Contig7093_at has an 
additivity of 0.18 contributed by the SM allele in MOCK that is strengthened after 
inoculation to 0.92.  Similarly, Contig7092_s_at has an additivity of 1.48 contributed by the 
SM allele in MOCK as compared to an additivity of 1.73 in INOC.  The greater allelic effect 
estimate in Contig7092_s_at is likely a result of the placement of probes on the gene 
sequence, as Contig7093_at is composed of two densely packed groups of oligonucleotides, 
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while Contig7092_s_at is dispersed throughout the gene sequence with five probes in the 
coding sequence and six in the 3’ untranslated region. 
Adf3 physically resides at 5H.49 and is proximal to the Rpg5 resistance gene.  This gene 
was excluded as a candidate for Rpg5, which mediates resistance to Pgs race 92-MN-90, as 
the amino acid sequence between the resistant and susceptible cultivars was the same for 
ADF3 [14].  Our results suggest that after inoculation with Pgt Ug99, Adf3 has enhanced 
regulation at 5H.49.  Interestingly, the probe set that is distributed across Adf3 
(Contig7092_s_at) is regulated by only one cis-eQTL (5H.49) in MOCK, but after 
inoculation comes under the regulation of an additional trans-eQTL at 2H.59.  In addition to 
Adf3, two other genes have eQTL near both 2H.60 and 5H.49 in INOC, represented by 
Contig514_s_at (Ribosome-inactivating protein I; RIP30) and rbah27g12_s_at (an unknown 
protein).  The 2H.60 locus is near the seedling phenotypic QTL for PC4, establishing a 
potential link between these two phenotypic QTL via eQTL regulation at the Rpg-TTKSK 
locus.  Taken together, our results show that resistance is associated with the suppression of 
Adf3 expression, a hypothesis suggested for Adf2 by Brueggeman and colleagues (2009) [14].  
Although Adf3 was not considered a candidate for Rpg5 based on allele sequencing of the 
coding region [13], our data suggests that it is a candidate for Rpg-TTKSK based on its strong 
expression polymorphism. 
Identification of Regions Oversaturated for Differentially Expressed Pgt Ug99-
Responsive Genes 
Phenotypic QTL analysis of seedling and adult progeny implicated several loci distinct 
from the Rpg-TTKSK locus in resistance.  These loci may represent additional basal defense 
regulators, such as PRR-mediated recognition of PAMPs that alter the expression of genes 
involved in non-specific resistance [37].  To gather evidence for this type of regulation, we 
identified regions that were oversaturated for genes that are differentially expressed after Pgt 
Ug99-inoculation.  We used the 5997 genes identified as differentially expressed between 
INOC and MOCK treatments of the QSM progeny and utilized a contingency χ2 test on the 
ratio of differentially expressed to total number of genes (5997:22792 gene; 26.31%).  As 
shown in Figure 4, three regions in MOCK and two regions in INOC were significantly 
oversaturated for differentially expressed inoculation-responsive genes (Table 6).  The 
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oversaturated regions in MOCK may harbor steady-state suppressors of resistance or have 
some other unknown role in defense-associated gene regulation.  By contrast, the two loci 
identified in INOC were a surprise, as we expected several major regulators of expression to 
be involved in the defense against Pgt Ug99.  Both loci are located on chromosome 2H and 
are linked (~11.5 cM).  The first, 2H.17 (a superbin comprised of bins 2H.17, 2H.18, and 
2H.19) had 48.6% of the genes with eQTL differentially expressed between INOC and 
MOCK treatments and corresponded with one of four loci that were identified as eQTL 
hotspots in INOC, suggesting that an inoculation-specific regulator of gene expression may 
contribute to resistance to Pgt Ug99.  The second locus was 2H.22 (a superbin comprised of 
bins 2H.22 and 2H.23) was not found to be an eQTL hotspot but did have a slightly greater 
saturation of differentially expressed genes (51.3%) as compared to 2H.17.  Interestingly, the 
2H.17 locus did not correspond with the three QTL that contributed to resistance in seedling 
plants, but it is within the confidence interval of the 2H.16 QTL found to enhance resistance 
mediated by Rpg-TTKSK in adult plants.  Although eQTL analysis was performed at the 
seedling stage, it is not unexpected that hotspots identified in seedlings would coincide with 
an adult plant resistance QTL.  For example, this could be explained by epistasis present in 
the resistant sub-population, where little variation exists due to the strength of the Rpg-
TTKSK resistance response in seedling plants.  In contrast, adult plants have an attenuated 
resistance response in the resistant sub-population.  If this were true, phenotypic 
characterization of gene expression may have uncovered the mechanistic basis for the 2H.16 
enhancer of Rpg-TTKSK. 
Dissecting the Regulatory Hierarchy of the 2H.17 trans-eQTL Hotspot 
Hundreds of genes come under new regulation at the 2H.17 trans-eQTL hotspots as a 
result of inoculation with Pgt Ug99.  If the QTL that enhances the Rpg-TTKSK is mediated 
by the expression of hundreds of genes at the 2H.17 hotspot, then several questions are raised 
with respect to the gene content.  Our first approach was to ask whether genes regulated at 
this locus are specific to pathogen-induction or alternatively, if they are regulated by different 
loci between MOCK and INOC.  Local (cis) eQTLs occur when eQTL localize near the 
physical position of a gene, while distant (trans) eQTL are found elsewhere in the genome 
[15].  To identify genes that are altered in their regulation between INOC and MOCK and as 
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a surrogate for physical location, we compared the position of the most significant eQTL for 
each gene in the INOC and MOCK experiments.  This approach cannot directly infer 
whether regulation is local or distant, but it can provide evidence for novel regulation as a 
result of inoculation with Pgt Ug99.  To determine if an overlap between two loci was 
significant, we generated a bootstrap p-value based on the number of genes shared between 
loci in INOC and MOCK under a random distribution, excluding eQTL that reside on the 
same chromosome.  As shown in Figure 5, a significant proportion (54.9%) of genes have 
their most significant eQTL on different chromosomes between INOC and MOCK 
experiments.  Several of the saturated regions with p < 0.001 coincided with eQTL hotspots, 
either with loci that were significantly oversaturated with eQTL in MOCK but not INOC 
(2H.28/29, 2H.51, 3H.25/26, and 6H.37) or the reverse (2H.17, 6H.28/29).  Many of these 
genes have alternative regulation at the sites of eQTL hotspots, but others are distributed 
throughout the genome.  The only eQTL hotspot to be shared between treatments was 6H.40, 
although the composition of this hotspot is significantly altered, suggesting a reprioritization 
in the genes regulated by this locus.  The eQTL hotspot at 5H.36/37 in MOCK dissipates 
completely after Pgt Ug99 inoculation without any saturation at other loci.  Similarly, the 
eQTL hotspot at 3H.33/34 in INOC forms after inoculation without any apparent saturation 
from MOCK loci, indicating that the genes regulated by this locus may have not been 
previously expressed before treatment.  Lastly, some loci (i.e., 7H.57/58) were found to 
regulate a significant number of genes as a result of inoculation, but were not oversaturated 
with eQTL.  All the phenomena described above demonstrate the complexity introduced by 
Pgt Ug99 inoculation, where transcriptional reprogramming is modulated by the activation, 
deactivation, or reprioritization of transcriptional regulators. 
eQTL regulated by several major loci in MOCK gain novel regulatory control at the 
2H.17 locus in INOC.  Significant loci that met the bootstrap p-value cutoff of 0.05 were 
6H.40 (p = 0.002) and 7H.37/38 (p = 0.001), contributing 8 and 4 genes to the 2H.17 locus 
after Pgt Ug99 inoculation, respectively.  Exclusion of eQTL on the same chromosome may 
have removed loci genetically distinct, therefore we used both manual identification and 
within-chromosome bootstrap p-values to identify 2H.28/29 (p < 0.001) and 2H.50/51 (p = 
0.049) as two additional loci contributing significantly to 2H.17.  Earlier, we used a greedy 
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Figure 5.  The trans-eQTL hotspot at 2H.17 regulates a significant number of genes from 2H.28, 
2H.50, 6H.36, and 7H.37 loci.  Genes with eQTL on different chromosomes in INOC and MOCK 
experiments are included in the larger panel (5354 genes), where the genetic positions of the most 
significant eQTL (based on LOD score) for each experiment are shown.  The horizontal and vertical 
axes correspond to INOC and MOCK, respectively, and where each position in the plot is a superbin.  
Diameters of circles show the number of genes regulated for a given region between the two 
experiments (smallest to largest representing 1 to 17 genes).  Colors represent bootstrap-determined p-
values for the significance of the number of genes overlapping between INOC and MOCK under a 
random distribution, excluding eQTL that reside on the same chromosome.  Shown on the right panel 
is the individual bin position of the most significant eQTL in INOC and MOCK on chromosome 2H, 
where a significant distortion from the cis-diagonal implicates altered regulation between the MOCK 
2H.28 and 2H.50 loci and INOC 2H.17 and 2H.22 loci.  Filled red circles with diameter corresponding 
to the number of genes with the peak of their maximum eQTL shared between INOC and MOCK.  If a 
position is off-diagonal, it is a filled blue circle with similar correspondence to the number of genes. 
 
approach to generate superbins, a process that merges random sets of bins without respect to 
biological information.  We found that the peak of the trans-eQTL regulation was closest to 
the locus 2H.17, therefore, we incorporated 2H.15 and 2H.16 into our analysis of the trans-
eQTL 2H.17 hotspot.  With this adjustment and the inclusion of genes with non-maximal 
eQTL found that 523 genes come under novel regulation at 2H.17 after Pgt Ug99 challenge 
(see Appendix).  Of these genes, 83, 29, 18, and 7 are regulated at the MOCK loci 2H.28/29, 
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6H.40, 2H.50/51, and 7H.37/38, respectively.  In addition to these four loci, the INOC 2H.17 
locus regulates the expression of an additional 287 genes with MOCK eQTL distributed 
across the genetic map and 117 genes that did not have a detectable eQTL in MOCK.  These 
results suggest that regulation determined by the INOC 2H.17 locus overrides the control of 
several discrete MOCK loci. 
Alternate transcriptional control in the INOC and MOCK experiments suggested that one 
or more regulator(s) at 2H.17 in INOC dominate the regulation of the MOCK loci 2H.28/29, 
2H.50/51, 6H.40, 7H.37/38, and an additional set of loci distributed across the genome.  This 
coordinated regulation indicates that the genes regulated by each MOCK locus may belong to 
distinct eukaryotic regulons, wherein genes between each locus are under the control of a 
single transcriptional regulatory gene.  To test this, we compared the estimated allelic effect 
(additivity) of gene expression for eQTL between the INOC 2H.17 locus and MOCK loci.  
Interestingly, the parent that generated a greater allelic effect (i.e., increased gene expression) 
was either conserved (2H.28/29, 2H.50/51, and 7H.37/38) or reversed (6H.40) for each 
MOCK locus as compared to the INOC 2H.17 locus (Figure 6).  Moreover, estimated allelic 
effects of genes at these loci revealed correlations of r2 = 0.97, 0.97, -0.93, and 0.95 between 
the MOCK 2H.28/29, 2H.50/51, 6H.40, and 7H.37/38 loci and the 2H.17 INOC locus, 
respectively (Figure 6).  This predictive power between MOCK and INOC regulatory loci 
suggests that these genes represent four inoculation-dependent regulons.  These regulons 
were not distinct, as four genes are shared between 2H.28/29 and 2H.50/51, seven genes 
between 2H.28/29 and 6H.40, and one gene each between loci 2H.50/51 and 6H.40 and loci 
2H.28/29 and 7H.37/38.  The overlap in control among regulons is correlated with the 
number of genes regulated by each locus and is likely an underestimate due to population 
size.  Thus, coordinated reprogramming from multiple loci in MOCK to the single INOC 
locus suggests that these genes belong to a buffered regulatory complex in mock-inoculated 
leaves that is consolidated by a master switch in response to pathogen infection. 
The dependence of Pgt Ug99 invasion for alternative regulation and oversaturation of 
inoculation-responsive genes at the 2H.17 locus implies that this locus may determine a 
major component of the expression difference between INOC and MOCK.  Using the 
additivity in INOC of eQTLs at the 2H.17 locus, we found that it was highly predictive of the  
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Figure 6.  Allelic effects in gene expression are predictive between INOC and MOCK treatments by 
distinct loci.  Plots comparing the allelic effect estimate (additivity; a) of the INOC eQTL at 2H.17 
locus with the additivity of the MOCK eQTL at 2H.28 (A), 2H.50 (B), 6H.36 (C), and 7H.37 (D).  A 
positive value for additivity implies that if a plant carries the Q21861 allele, then gene expression is 
increased by the estimate for that allelic effect.  Conversely, negative values for additivity means the 
SM89010 allele increases the level of expression. 
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Figure 7.  Allelic effects for INOC-specific eQTL are significantly correlated with the fold change 
between Pgt Ug99-inoculated and mock-inoculated plants.  Plot comparing the natural logarithm of the 
fold change between INOC and MOCK versus the additivity from the INOC eQTL at 2H.17.  Genes 
included have predictive additivity between 2H.17 in INOC and 2H.28, 2H.50, 6H.36, and 7H.37 in 
MOCK (Figure 6).  Black circles correspond to genes declared differentially expressed between INOC 
and MOCK populations, grey triangles correspond to those genes that did not meet the 0.1% FDR 
cutoff. 
 
direction of differential expression between INOC and MOCK, with 107 of 129 genes 
correctly associated (Figure 7).  Additionally, significant correlation was observed between 
the additivity in INOC and the log-fold change of differential expression (r2 = 0.76) (Figure 
7).  Selecting only those genes differentially expressed in the comparison of INOC versus 
MOCK strengthened the correlation, r2 = 0.88 (80 genes).  In contrast, genes not declared 
differentially expressed between treatments had a considerably weaker correlation of r2 = 
0.43 (49 genes).  These results indicate that the regulation in INOC from the 2H.17 locus is 
either the principal source or major component of gene expression changes due to Pgt Ug99 
inoculation. 
Our final analysis of the gene content of the 2H.17 trans-eQTL hotspot was to understand 
the biological roles of these genes and how it relates to the association with differential 
expression due to Pgt Ug99 inoculation.  In addition to the genes regulated by the MOCK 
loci 2H.28/29, 2H.50/51, 6H.40, and 7H.37/38, we observed that the majority of genes 
having an eQTL at 2H.17 had predictive differential expression after treatment with Pgt 
Ug99 based on allelic effect estimates.  Specifically, of the 304 genes eQTL having positive 
additivity (Q21861 allele), induction is observed for 216 genes and suppression for 88 genes.  
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The opposite is seen for the 219 genes with eQTL having negative additivity (SM89010 
allele), with induction in 61 genes and suppression in 158 genes.  Over-representation and 
predictive directionality indicate that these genes may be functionally involved in defense to 
stem rust.  Thus, we extended this analysis by performing gene ontology (GO) enrichment 
analysis using the suite of analysis tools from agriGO to identify additional functional 
conservation [38].  Singular enrichment analysis (SEA) of genes having an eQTL where the 
SM89010 allele contributes the greater allelic effect found over-representation of genes 
targeted to the plastid (43 of 168 annotated genes; p = 7.5e-05; q = 0.005).  In contrast, no 
significant GO terms were identified using SEA for eQTL with Q21861 allele contributing 
the greater allelic effect.  An alternative approach to SEA is the parametric analysis of gene 
set enrichment (PAGE), which compares gene content by taking into account user defined 
expression differences.  Using PAGE, we compared genes based on their allelic effect 
estimate and log-fold change between INOC and MOCK treatments.  Similar to the results 
from SEA, localization to the plastid was intensely significant for negative allelic estimates 
(SM89010 allele) and genes down-regulated after Pgt Ug99 treatment.  This same pattern 
was observed for terms involving protein/nucleic acid/ion binding, localization in the nucleus 
and mitochondrion, and several metabolic processes.  Conservation between the allelic 
estimate and log-fold change between INOC and MOCK treatments was not always 
conserved, as GO terms associated with localization to cytoplasmic membrane-bound vesicle 
and transferase, kinase, and transport activity were over-represented in genes with a negative 
allelic effect estimate (SM89010 allele).  The complexity of gene regulation at 2H.17 is 
found by linking the additivity of eQTL directionality and differential expression, gene 
ontological over-representation, and co-localization of a phenotypic QTL that enhances Rpg-
TTKSK-mediated resistance.  The SM89010 allele of the phenotypic QTL confers greater 
resistance in adult plants, indicating that suppressed induction of genes up-regulated in 
response to Pgt Ug99 and conversely, reduced suppression in down-regulated genes.  
Therefore, the functional polymorphisms at 2H.17 are leading to the transcriptional 
suppression of genes when carrying the allele that enhances resistance in adult plants. 
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A Model of Molecular Switching: Rpg-TTKSK-Deactivation of the MOCK 2H.28 trans-
eQTL Hotspot 
Our investigation has thus far focused of the dynamics of eQTL regulation after treatment 
with Pgt Ug99.  In addition to providing the evidence for transcriptional regulators, candidate 
genes can be identified from eQTL experiments by using additional information such as 
physical map position, functional annotation, expression polymorphisms, correlation, or 
alternate regulatory control (loci of eQTL in INOC versus MOCK) [15,39].  Druka and 
colleagues (2008) provided a case study for the eQTL candidate gene selection of the cloned 
resistance gene Rpg1 [40] by using correlation and tissue-specific expression to associate the 
causal gene [22].  Similarly, they extended this approach to identify candidate genes for 
several minor effect stem rust resistance QTLs from the SxM population.  They leveraged 
expression profiling of rpr1 [41], a gene required for Rpg1-mediated resistance, and physical 
map position to identify a sensory transduction histidine protein kinase (represented by probe 
set Contig13680_s_at) that was strongly down-regulated in non-inoculated rpr1 plants and 
physically mapped near the QPgt.StMx-2H QTLs (IF2 and PC2) [22].  In light of the results 
from this previous study and the importance of both phenotypic QTL and trans-eQTL 
hotspots on chromosome 2H in our work, we linked the QSM and SxM genetic maps via the 
conserved TDMs used to generate both maps (Figure 8).  Based on shared TDMs, it appears 
that the QPgt.StMx-2H QTLs detected in the SxM population inoculated with Pgt MCCF and 
the QTL identified in adult QSM progeny in Njoro, Kenya are largely distinct.  Both QTLs 
have broad 2-LOD support intervals that overlap, but the 1-LOD support intervals are 
separate.  Though the histidine protein kinase does have an overlapping 1-LOD support 
interval with QPgt.StMx-2H, we found that the peak of the QPgt.StMx-2H co-localized 
precisely with the 2H.22/23 region that was found to be oversaturated with differentially 
expressed genes after inoculation with Pgt Ug99.  The histidine protein kinase exhibits a 
strong expression level polymorphism in the QSM population similar to the SxM population.  
An eQTL for the gene co-localizes with the trans-eQTL hotspot detected in the MOCK 
population, having a LOD of 17.13 and additivity of 0.65, with greater expression 
contributed by SM89010 allele in INOC.   Evaluation of the eQTL that regulate the 
expression level of the histidine protein kinase in INOC and MOCK populations found that 
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Figure 8.  Two distinct QTL on chromosome 2H enhance the resistance responses mediated by Rpg-
TTKSK and Rpg1.  The QSM and SxM TDM genetic maps (upper and middle panels) were linked by 
shared TDMs, shown as lines between these panels.  Numbers indicate the bin number for each genetic 
map.  One and 2-LOD support intervals derived from standard interval mapping are shown for all QTL 
reported with box and whiskers, respectively.  HK is the sensory transduction histidine protein kinase 
(represented by probe set Contig13680_s_at).  White circles are the peak position identified using 
composite interval mapping.  Phenotypic QTLs for the adult QSM field trials in Njoro, Kenya are 
shown above the QSM genetic map.  Two genetic maps exist for the SxM population, one derived 
from TDMs (Potokina map; middle panel) and another from RFLP, SNP, AFLP, and RAPD markers 
(Druka map; lower panel).  As the support intervals for QTL were considerably different, we report 
them here showing the correspondence of these two SxM maps [22,35].  Grey and/or black filled in 
regions on the genetic map indicate whether the region was oversaturated with eQTL (trans-eQTL 
hotspot) or differentially expressed genes, respectively. 
 
after inoculation with Pgt Ug99 this gene comes under regulation by the Rpg-TTKSK locus.  
Thus, three tightly linked loci, 2H.17, 2H.22/23, and 2H.28/29 may control the QTLs to Pgt 
Ug99, Pgt MCCF, and the regulation of the trans-eQTL hotspot, respectively.  In addition, 
the linking of several distinct phenotypic and expression QTLs suggests that Rpg-TTKSK 
may deactivate the trans-eQTL regulation at 2H.28, allowing the 2H.17 regulator to take 
precedence.  In line with this observation, both QTLs detected in the SxM and QSM 
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populations against Pgt Ug99 and MCCF, respectively, enhance the effect of their respective 
R genes, Rpg-TTKSK and Rpg1.  As Druka and colleagues used tissue derived from 
germinating embryos, it is unclear whether a trans-eQTL hotspot underlies the histidine 
protein kinase in leaf tissue in the SxM population [22].  Clearly, this region of chromosome 
2H is a hotbed of phenotypic and expression QTLs that are involved in resistance to stem rust 
and points to an interconnected set of regulatory loci that link these genetic loci with 
resistance. 
Discussion 
Recently, numerous examples have illustrated the intricacies of the genetic inheritance of 
gene expression and have contributed significantly to the concept of gene regulation [15,42-
44].  Early studies found that the majority of expression polymorphisms were highly 
heritable and provided evidence for both monogenic and oligogenic regulation of gene 
expression [42].  Additionally, the majority of eQTL were found to be acting locally, such 
that eQTL localized near the physical position of the gene.  These initial observations appear 
to be conserved across eukaryotes, although this may reflect the ease of detecting cis-eQTL 
as compared with trans-eQTL [42,45,46].  In line with this observation, local regulation 
generally has a stronger effect as compared with distant regulation.  Underlying each trans-
eQTL is a transcriptional regulator that typically manipulates the expression of tens if not 
hundreds of genes.  Thus, the weaker effect of trans-eQTL is compensated for by the co-
localization of many genes and is identified by the occurrence of trans-eQTL hotspots. 
The presence of trans-eQTL hotspots at the site of major regulators has become a 
common theme in the control of gene expression [15,47,48].  We did not identify a hotspot at 
the Rpg-TTKSK locus, but several models can account for its absence.  Our selection of 24 
HAI may represent a very early time point in resistance, such that only the primary targets of 
Rpg-TTKSK-specified resistance would be differentially regulated at this time.  Alternatively, 
if sufficient structural genetic variation and/or epistatic interactions occur among the targets 
of Rpg-TTKSK-mediated resistance, trans-eQTL hotspots will form at the genetic positions 
of the targets rather than the R gene.  This would effectively mask the strong resistance 
response by Rpg-TTKSK, where only the direct targets could be traced to the R gene locus on 
chromosome 5H.  Additionally, transcription may not be an essential component of Rpg-
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TTKSK-mediated resistance.  Based on a strong expression polymorphism that is 
strengthened after inoculation, we identified Adf3 as a candidate gene for Rpg-TTKSK.  Adf3 
was also regulated by 2H.60, a locus found to quantitatively affect the phenotype.  Several 
hypotheses have been generated for the biological role of ADF in plant-pathogen interactions 
[13,22].  Here, the enhanced expression of Adf3 in plants carrying the susceptible (SM89010) 
allele implicates its functional role as a susceptibility factor induced by Pgt Ug99 to generate 
a compatible interaction.  This suggests that Pgt requires the active remodeling of its hosts 
actin cytoskeleton in order to establish itself.  Clearly, the functional analysis of the genes 
that are regulated at the Rpg-TTKSK locus and determining their role in the barley-stem rust 
interaction will increase our understanding of what transcriptional changes shape this 
interaction and the mechanism specified by Rpg-TTKSK. 
In spite of the absence of an Rpg-TTKSK trans-eQTL hotspot, extensive transcriptome 
reprogramming due to invasion by Pgt Ug99 revealed key regulators that were altered 
between INOC and MOCK treatments.  Most significant was the 2H.17 trans-eQTL hotspot, 
where saturation in both the number of eQTL and inoculation-responsive genes suggests that 
regulator(s) at this locus usurp the steady-state regulatory machinery to actively remodel 
gene expression.  Dissection of this hotspot found a transcriptional hierarchy separated by 
several loci in MOCK that converge on the 2H.17 after challenge with Pgt Ug99, with 
predictive allelic effect between INOC and MOCK loci and an association between the 
inoculation-dependent regulator and the expression difference between Pgt Ug99-inoculated 
and mock-inoculated plants.  The co-localization of the hotspot with an enhancer of adult 
plant, R gene-mediated defense may implicate a causal relationship between gene expression 
and enhanced resistance.  Difficulty arises when making this connection, as the cloning of 
both classical and expression QTL can be confounded by the presence of tightly linked genes 
contributing to the phenotype.  In mouse, dissection of the Qrr1 region found that multiple 
genes likely regulate different subsets of trans-eQTLs that had previously been grouped 
together [49].  With the use of informative recombinants and multiple populations, Mozhui 
and colleagues found they could separate the Qrr1 region into two parts, the proximal and 
distal portions, and found the distal region specifically regulated RNA metabolism and 
protein synthesis.  In doing so, they were able to focus the eQTL candidate gene list that 
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underlies a classical QTL associated with seizure susceptibility.  This case study provides a 
model for how a single locus associated with an abundance of both QTLs and trans-eQTLs 
was broken into two regions that are associated with entirely different pathways.  Similarly, it 
is possible that the 2H.17 region may be comprised of several regulators.  At present, our 
strongest evidence against this hypothesis is the predictive power in the allelic effects 
between the MOCK loci (2H.28/29, 2H.50/51, 6H.40, and 7H.37/38) and the INOC 2H.17 
locus, suggesting a single regulator or family of regulators control these regulons after 
challenge with Pgt Ug99. 
It is interesting that the 2H.17 trans-eQTL hotspot regulates genes that are both induced 
and suppressed in response to Pgt Ug99 invasion.  Overall, the allelic effects for trans-eQTL 
at this locus were biased for greater expression by Q21861 (304 Q21861 vs. 219 SM89010).  
This allelic effect was mutually predictive with up-regulation in response to Pgt Ug99 and 
associated with the Q21861.  In contrast, enhancement of Rpg-TTKSK-mediated adult plant 
resistance was associated with the SM89010 allele.  Taken together, these results suggest that 
transcriptional suppression of gene expression was correlated with resistance, where 
enhancement would have been expected.  This model of host-mediated gene suppression may 
be a defensive mechanism against pathogen-mediated gene activation, which has been 
observed in several phytopathosystems as a method to distract or enhance accessibility of the 
host.  The bacterial pathogen Pseudomonas syringae pathovar tomato DC3000 produces the 
jasmonic acid-mimic coronatine that induces jasmonic acid/ethylene-associated pathways 
which compete with bacterial defense pathways dependent on salicylic acid signaling [50-
52].  In contrast, direct binding to host promoters by TAL effectors in Xanthomonas spp. 
activate genes shown to be involved in host susceptibility [53-56].  Though counter-intuitive, 
several systems have shown that this mechanism is a bona fide approach for manipulating the 
host and enhancing virulence.  In the case of the 2H.17, it is unclear whether this response is 
mediated by the host, leading to a directed suppression of target genes or by the pathogen, 
where a host susceptibility allele allows a Pgt effector to induce expression, as both scenarios 
cannot be distinguished with our experimental design.  Increased resolution in the 2H.17 
region will be required to dissect the causal polymorphisms that enhance R gene-dependent 
adult plant resistance and the regulator(s) that generate the trans-eQTL hotspot. 
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Materials and Methods 
Experimental Design for Seedling Resistance Assays to Pgt Ug99 
The barley QSM doubled-haploid mapping population was generated from a single 
Q21861 x SM89010 F1 plant [18,57].  All data used for infection type analysis is derived 
from Steffenson et al. (2009) [9].  Briefly, three to five seeds of each doubled-haploid line or 
parent were planted in plastic cones and placed in flats in a completely randomized design.  
Plants were placed in the greenhouse at 22°C with supplemental lighting by 1,000-W sodium 
vapor lamps for 14 hours per day at the ARS Cereal Disease Lab, University of Minnesota, 
St. Paul.  Pgt race TTKSK isolate 04KEN156/04 (Pgt Ug99) was initially increased on a 
susceptible wheat host, collected, desiccated, and stored in tubes at -80°C until needed.  Nine 
days after sowing (PO:0007094 - first leaf unfolded), flats were inoculated with a low density 
of Pgt Ug99 urediniospores (0.004 mg/plant) suspended in a lightweight mineral oil carrier 
using the inoculation protocols described by Sun and Steffenson [21].  After inoculation, the 
plants were placed in a mist chamber for 16 hours in the dark, followed by light for 5 hours, 
and then moved to the greenhouse using the previously described conditions.  Plants were 
phenotyped at 14 to 17 days after inoculation.  The full experiment was repeated twice, with 
the evaluation of three to five plants per replicate. 
Experimental Design for Adult Resistance Assays to Pgt Ug99 
Field trials were carried out in Njoro, Kenya during the 2008 growing season.  The bulk 
of the natural inoculum in the field was found to be Pgt races TTKST (Sr24 virulent) and 
TTKSK (used in seedling resistance assays).  The race Pgt TTTSK (Sr36 virulent) may have 
been present at a low frequency.  The majority of lines were scored at the growth stage mid-
dough (Zadocks code 8.5; Feekes code 11.2).  Phenotypes were collected on 7 October 2008, 
17 October 2008, and 10 November 2008. 
QTL Analysis of Resistance Traits 
Normalization of Stakman ITs for seedling plants was carried out by using a modified 
approach that weights the counts of ordered ITs [22].  Weights given were 1.0, 0.65, 0.25, 
and 0.1 for the 1st, 2nd, 3rd, and 4th ordered ITs, respectively.  IFs were determined by 
averaging weights for two replicates, where full weight is given to ITs of 0, 1, 2, and 3 or 
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partial weights for ITs of ‘0;’, ‘1-‘, ‘1+’, ‘2-‘, ‘2+’, and ‘3-‘.  For partial weights, 70% is 
given to the IT shown (0, 1, 2, or 3) and 30% to the modified IT (‘+’ to the greater IT, ‘-‘ to 
the lower IT).  In the unique case of ‘3+’, a weight of 1.3 was given to IT3.  For adult plants, 
LES was quantified where the range of sizes were linearly increasing from 0.25 to 1.0 based 
on resistance or full susceptibility.  The IC was determined by multiplying the SEV by LES.  
Principal components analysis for seedling and adult phenotypic data was performed using R 
(www.r-project.org).  Composite interval mapping (Zmapqtl; model 6) was carried out using 
QTL Cartographer v1.17j, with a walking speed of 2 cM, window size of 10 cM, and five 
background markers (SRmapqtl) [30].  EWT were computed using permuted data (Prune) 
with reselection of background markers (SRmapqtl), where with each iteration maximum 
LOD scores were stored and after 1000 runs the 95th quantile (α = 0.05) was selected as the 
EWT [32,33].  QTLs that exceeded the EWT were extracted using Eqtl. 
eQTL Experimental Design 
Two flats (each flat contained 75 doubled-haploid lines + 4 replicates of each parent = 81 
cones/flat) were grown in a completely randomized design at the ARS Cereal Disease Lab, 
University of Minnesota, St. Paul.  A similar strategy for inoculation as described for the 
seedling phenotypic assay was used, except a higher density of Pgt Ug99 urediniospores 
(0.25 mg/plant) was used to inoculate.  Additionally, the mock-inoculated flat was inoculated 
with spore-free mineral oil.  After inoculation, the flats were placed in a mist chamber for 16 
hours in the dark, followed by light for 5 hours, and then moved to the greenhouse for 2 
hours.  Five seedlings were harvested, pooled, and placed in liquid nitrogen for each line in 
the population within a 1.5 hour period at 24 HAI.  RNA was extracted using a hot acid-
phenol protocol and RNAeasy columns (Qiagen) were used for further purification of the 
isolated RNA.  Labeling, hybridization, washing, and scanning were performed according to 
standard Affymetrix protocols using the Barley1 GeneChip [58] at the ISU GeneChip 
Facility (www.biotech.iastate.edu/facilities/genechip/Genechip.htm). 
Development of the Transcript-Derived Marker Map 
The transcript-derived markers were generated using the technique described in Potokina 
and colleagues (2008) [35] by using an implementation in Python (www.python.org).  This 
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technique identifies single feature polymorphisms (SFPs) by using individual probes on the 
Affymetrix Barley1 GeneChip as quantifiable measures of probe hybridization efficiency.  
After background correction and quantile normalization using R/Bioconductor 
(www.bioconductor.org), individual probe signals were separated into two distinct groups 
with k-means clustering.  Goodness-of-fit using a Z-statistic found over 2,500 quality 
markers for the generation of the QSM genetic map.  This analysis was performed separately 
with the INOC and MOCK data sets, and only those markers conserved between these data 
sets (1,503 markers) and had three (of 75) or less data points missing were included.  A 
scaffold of 294 markers shared with the SxM doubled-haploid mapping population were used 
to place the remaining 1,200 markers [35].  Available information for the genetic positions of 
genes represented on the Affymetrix Barley1 GeneChip was used to confirm marker order; 
this included data from a recently developed SNP-derived genetic map [59].  Manual 
curation of marker positions was assisted with visualization of two-point marker linkages 
using MadMapper (Figure 9; cgpdb.ucdavis.edu/XLinkage/MadMapper) [35,60].  The final 
map has a total of 378 unique markers (bins) with a genetic length of 1259 cM, with 
approximately 3.3 recombination events between bins (Figure 10). 
ANOVA of Inoculated and Mock-Inoculated Q21861, SM89010, and QSM Progeny 
ANOVA was performed with SAS v9.1 (SAS Institute Inc., Cary, North Carolina).  All 
comparisons between these data sets were generated using Python scripts.  q-values were 
determined using the histogram-based estimation technique proposed by Mosig, using the 
implementation by Nettleton [26]. 
eQTL Analysis of INOC and MOCK Experiments 
All microarray data was subjected to normalization with the Bioconductor 
implementation of MAS5.0 algorithm (www.bioconductor.org).  Composite interval mapping 
was performed with QTL Cartographer v1.17j, using a walking speed of 2 cM, window size 
of 10 cM, and five background markers [30].  eQTL that exceeded individual EWT were 
extracted using a Python script, such that two peaks within close proximity were declared 
different eQTL if the distance between peaks was greater than 2 LOD [35].  Individual EWT 
were computed using a combination of Python scripts, bash shell scripts, and QTL  
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Figure 9.  Two-point locus heat map of the QSM DH genetic map generated using MadMapper 
(cgpdb.ucdavis.edu/XLinkage/MadMapper). 
 
Cartographer.  Briefly, composite interval mapping was performed using the same criteria in 
the eQTL analysis except the data was permuted (Prune) with reselection of background 
markers (SRmapqtl) a total of 1000 times [32,33].  Maximum LOD scores were stored with 
each iteration and the 95th quantile (α = 0.05) was selected as the individual EWT. 
Bootstrap Analysis of eQTL Migration Between INOC and MOCK 
A bootstrap approach was used to estimate the significance associated with alternate 
regulation in the INOC and MOCK data sets for genes with eQTL in both data sets, using the 
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Figure 10.  Recombination map of the QSM DH population generated using MadMapper 
(cgpdb.ucdavis.edu/XLinkage/MadMapper). 
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maximum LOD eQTL.  Two strategies were used to account for (1) alternate regulation on 
the same chromosome and (2) regulation on different chromosomes between INOC and 
MOCK.  For both, genes were redistributed from MOCK using probabilities determined by 
the distribution of eQTL in INOC based on the eQTL histogram.  This was repeated 1000 
times for the maximum LOD eQTL in the overlap between INOC and MOCK.  Probabilities 
were generated differently for the first and second strategies by including all genes with 
eQTL (9761 genes) in INOC and MOCK or only those genes with maximum LOD eQTL on 
a different chromosome between data sets (5354 genes).  Bootstrap p-values were determined 
by comparing the observed overlap versus the 1000 bootstrapped samples. 
Gene Ontology Enrichment Analysis 
GO enrichment analysis was carried out using agriGO v1.0β (bioinfo.cau.edu.cn/agriGO) 
[38].  SEA was performed using the default parameters, Fisher test, the Yekutieli multi-test 
adjustment method, a significance level of 0.05, and a minimum number of five mapped 
entries using the complete set of gene ontology terms.  PAGE was used with default 
parameters, with a difference in requiring a minimum of ten mapped entries. 
Data Access 
Phenotypic (seedling and adult) and genotypic (genetic map and expression profiling) 
data are available at GeneNetwork (www.genenetwork.org) [61].  Additionally, expression 
data is available at PLEXdb (www.plexdb.org; accession BB64) and NCBI-GEO; accession 
GSE20416). 
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CHAPTER 4. Blufensin1 NEGATIVELY IMPACTS BASAL DEFENSE IN 
RESPONSE TO BARLEY POWDERY MILDEW 
 
Modified from a paper published in Plant Physiology1 
 
Yan Meng2,5, Matthew J. Moscou2,3,5, and Roger P. Wise2,3,4,6 
ABSTRACT 
Plants have evolved complex regulatory mechanisms to control the defense response 
against microbial attack.  Both temporal and spatial gene expression are tightly regulated in 
response to pathogen ingress, modulating both positive and negative control of defense.  
BLUFENSIN1 (BLN1), a small peptide belonging to a novel family of proteins in barley 
(Hordeum vulgare L.), is highly induced by attack from the obligate biotrophic fungus, 
Blumeria graminis f. sp. hordei (Bgh), casual agent of powdery mildew disease.  
Computational interrogation of the Bln1 gene family determined that members reside solely 
in the BEP clade of the Poaceae family, specifically, barley, rice and wheat.  Barley stripe 
mosaic virus induced gene-silencing (BSMV-VIGS) of Bln1 enhanced plant resistance in 
compatible interactions, regardless of the presence or absence of functional Mla CC-NBS-
LRR alleles, indicating BLN1 can function in an R-gene independent manner.  Likewise, 
transient overexpression of Bln1 significantly increased accessibility towards virulent Bgh.  
Moreover, silencing in plants harboring the Mlo susceptibility factor decreased accessibility 
to Bgh, suggesting BLN1 functions in parallel with or upstream of MLO to modulate 
penetration resistance.  Collectively, these data suggest that the grass-specific Bln1 
negatively impacts basal defense against Bgh. 
                                                 
1Reprinted with permission of Plant Physiology, 2009, 149, 271-285 (www.plantphysiol.org) Copyright 
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INTRODUCTION 
The co-evolution of plants and plant pathogens has generated a complex multi-layered 
immune response (Jones and Dangl, 2006).  Both temporal and spatial gene expression are 
regulated precisely in a system that balances both positive and negative control of defense.  
During the interaction of plants and plant pathogens, positive regulators potentiate defense by 
inducing genes involved in cell-wall reinforcement, modification of the cytoskeleton, 
generation of toxic compounds (phytoalexins and peptides), formation of reactive oxygen 
species (ROS), and potentially, programmed cell death (PCD) in the form of the 
hypersensitive response (Schulze-Lefert and Panstruga, 2003; Brogden, 2005; Hückelhoven, 
2005; Jones and Dangl, 2006; Wise et al., 2007b; Graham et al., 2008).  Of these resistance 
mechanisms, antimicrobial peptides have been found to be one of the most fundamentally 
conserved among vertebrates, invertebrates, insects, and plants.  These peptides have a broad 
range of toxic activities that inhibit the progression of pathogen invasion, such as membrane 
destabilization, interfering with transport, and inhibition of protein function (Ganz, 2003; 
Brogden, 2005).  Many of the identified plant antimicrobial peptides fall into well-
characterized families such as the gamma-thionins, defensins, knottins, and protease 
inhibitors (Yount and Yeaman, 2004; Graham et al., 2008).  Of these, both defensins and 
knottins can exceed 100 family members within a species.  This abundance, resulting from 
family expansion, divergence, and unequal recombination events reflects the selection 
process driven by an ongoing arms race between host and pathogen in developing new 
offensive weaponry (Silverstein et al., 2007; Graham et al., 2008). 
With the generation of hundreds of secreted peptides during the defense response (Kwon 
et al., 2008), to what degree could these peptides have developed roles other than their 
known or predicted toxic effect?  Several peptides have been characterized recently that have 
roles in wounding (systemin) (Pearce et al., 1991), self-incompatibility (SCR) (Schopfer et 
al., 1999), stomatal patterning (EPF1) (Hara et al., 2007), cellular proliferation and expansion 
(PSY1) (Amano et al., 2007), abscission (IDA) (Butenko et al., 2003), pollen formation 
(TPD1) (Yang et al., 2003), root development (RALF) (Pearce et al., 2001), shoot meristem 
development (CLAVATA3) (Fletcher et al., 1999), or innate immunity (AtPep1) (Huffaker et 
al., 2006).  In the case of systemin, PSY1, SCR, and CLAVATA3, the corresponding peptide 
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receptor has been identified, implicating a general model of hormone activity via ligand-
receptor pairing (Matsubayashi et al., 2001).  Though many of these peptides may have 
evolved independently of those associated with antimicrobial activity, they are all relatively 
small, probably secreted to the apoplast, and typically submitted to extensive 
posttranslational processing and/or modification (Lindsey et al., 2002). 
Negative regulators of plant defense are essential components that temper the severity of 
the immune response (Lam, 2004).  Several gain and loss-of-function mutants have revealed 
genes associated with basal defense and effector-triggered immunity (Büschges et al., 1997; 
Frye et al., 2001; Hückelhoven et al., 2003; Behn et al., 2004; Jones and Dangl, 2006; Wang 
et al., 2006; Shen et al., 2007).  Many of these genes have been shown to have important 
roles in overlapping pathways, suggesting a complex interconnected network of regulation.  
Potentially, negative regulators may control the intensity of programmed cell death, 
preventing excessive responses from damaging more than just the intended target, while not 
compromising defense.  Of the negative regulators cloned in plants, there exist two distinct 
classes, based on mechanistic similarity to existing defense pathways.  Edr1, AtWRKY58, 
HvWRKY1/2, and BAX inhibitor 1 (BI-1) are examples of well-characterized negative 
regulators in the known signal and transcriptional activation cascades.  By contrast, genes 
such as the Mlo negative regulator of penetration resistance, and several lesion mimic 
mutants, such as lsd1, have only recently been characterized with regard to regulatory roles 
and importance during defense (Büschges et al., 1997; Frye et al., 2001; Hückelhoven et al., 
2003; Wang et al., 2006; Shen et al., 2007).  Although the former group of genes direct our 
attention to the complexity and redundancy of the regulatory network of plant defense, the 
latter set of genes are expanding our understanding of non-host resistance, biotrophy, and the 
formation and/or progression of necrosis. 
Over the past two decades, barley powdery mildew, caused by Blumeria graminis f. sp. 
hordei (Bgh), has been developed as a model system to investigate host response to obligate 
fungal biotrophs (Bélanger et al., 2002; Panstruga, 2003, 2004; Schweizer, 2007).  Pathogen 
recognition in barley-Bgh interactions is triggered in a pathogen race-specific manner by 
genes designated Ml (Mildew resistance locus) (Jørgensen, 1994).  Approximately 30 distinct 
resistance specificities have been identified at the Mla locus; all cloned Mla alleles isolated 
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so far encode coiled-coil, nucleotide-binding site, leucine-rich repeat (CC-NBS-LRR) 
resistance proteins (Wei et al., 2002; Shen et al., 2003; Halterman and Wise, 2004) that 
recognize, either directly or indirectly, corresponding fungal effector (AVR) proteins (Ridout 
et al., 2006).  PCD mediated by MLA proteins occurs after fungal penetration, where 
primordial haustoria are presumed to secrete AVRa proteins.  After recognition, MLA is 
translocated into the nucleus and binds WRKY transcription factors HvWRKY1 and 
HvWRKY2, which instigate a signal cascade leading to the hypersensitive response (Shen et 
al., 2007).  This MLA-AVRa race-specific mechanism of resistance contrasts with the non-
specific penetration resistance mediated by loss-of-function mutations in the seven-
transmembrane protein MLO (Büschges et al., 1997).  mlo-mediated resistance during 
papillae formation is extremely effective, although in the rare case when penetration does 
occur, Bgh colonization of the leaf tissue proceeds normally (Jørgensen, 1994).  Similarly, 
over-expression of the barley homologue of BAX-1 inhibitor (BI-1) in epidermal cells 
generates super-susceptibility (Hückelhoven et al., 2003).  BI-1 was found to negatively 
regulate the penetration resistance mediated by mlo and almost restored penetration 
efficiency of Bgh to wild-type levels (Hückelhoven et al., 2003).  Thus, negative regulators 
play a direct role in modulating the defense response of barley to Bgh. 
We have characterized a novel family of small peptides, designated blufensins, which are 
induced during Bgh infection and resemble cysteine-rich peptides.  We show that one of 
these, BLUFENSIN1 (BLN1), negatively impacts plant defense during Bgh infection.  BLN1 
is predicted to be secreted, and contains both structural and sequence similarities to the 
family of knottins.  Our results establish a previously unrecognized role for small peptides as 
negative regulators of plant defense. 
RESULTS 
Identification of Bln1 from Barley1 GeneChip Expression Profiles 
Bln1 was initially identified from a time-course microarray experiment designed to 
discover genes that had differential patterns of expression associated with either 
incompatibility or compatibility in barley-powdery mildew interactions (Caldo et al., 2004).  
Using the MIXED procedure in SAS, a contrast statement was developed to test the 
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expression levels in incompatible pairings specified by Mla6-AVRa6 and Mla13-AVRa13 as 
compared to compatible interactions determined by Mla6-avra6 and Mla13-avra13.  Bln1 
(represented by Barley1 GeneChip probe set Contig12219_at) was one of twenty-two genes 
found to be differentially expressed at a threshold p-value <0.0001 and false discovery rate < 
7% (Fig. 1, Experiment BB4) (Caldo et al., 2004).  To further characterize Bln1 response in 
the scope of the barley transcriptome, we extended the analysis of Caldo et al. (2004) to 
another large expression profiling experiment involving near-isogenic lines CI 16151 (Mla6) 
and CI 16137 (Mla1) versus their respective loss-of-function mutants, mla6-m9472 and 
mla1-m508 (Fig. 1, Experiment BB10).  In addition to challenge with avirulent Bgh isolate 
5874 (AVRa1, AVRa6), the BB10 experimental design included non-inoculated samples, which 
 
Figure 1.  Time-course expression profiles of Bln1-1 (Contig12219_at) in barley-Bgh interactions. 
The left two panels display data from BB4, an experiment described in Caldo et al. 2004, in which 
near-isogenic barley lines harboring the contrasting Mla alleles, Mla6 and Mla13, were challenged in 
pairwise combinations with the alternately virulent and avirulent Bgh isolates 5874 (AVRa1, AVRa6, 
avra13) and K1 (AVRa1, avra6, AVRa13).  A mixed linear model analysis (Wolfinger et al., 2001) using 
the SAS mixed procedure was conducted to identify genes whose average pattern of expression in one 
host-pathogen interaction category (e.g., compatibility) differed significantly from its average pattern 
of expression in its contrasting category (e.g., incompatibility).  Time-specific differences between the 
average expressions (d0hai, d8hai, d16hai, d20hai, d24hai, and d32hai) were tested for equality using an F-
statistic (Caldo et al., 2004).  The BB10 experiment (shown in the right two panels) compared wild-
type (Mla) plants and derived loss-of-function deletion mutants inoculated with Bgh isolate 5874 
(AVRa1, AVRa6).  Identical non-inoculated plants were included for each treatment.  Normalized 
average signal intensities and standard errors were calculated based on three independent replications 
for both experiments.  Derivation of standard errors are shown for illustration, as each contrast uses 
pooled variances when testing for significant differences between incompatible versus compatible 
interactions. 
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allowed us to observe conclusively, significant Bln1 induction over the 0-32 hour time course 
in both incompatible and compatible pairings.  The association with Bgh invasion (Caldo et 
al., 2004; Caldo et al., 2006), in addition to strong induction by Fusarium graminearum 
(causal agent of Fusarium head blight) (Boddu et al., 2006; Boddu et al., 2007), provided 
indirect evidence that Bln1 plays a role in mediating defense responses to fungal pathogens. 
Bioinformatic Classification of the Blufensin Family of Small Peptides 
A BLASTn search using Bln1 among the assembled ESTs used to create the Barley1 
GeneChip (HarvEST:Barley assembly 21; http://138.23.191.142/hweb/; Altschul et al., 1990; 
Close et al., 2004) identified the family member Bln2, represented by Barley1 probe set 
Contig26496_at.  Strong induction of Bln2 was observed after Bgh inoculation, but without a 
differential time-course expression pattern associated with incompatibility or compatibility, 
as was seen with Bln1.  Bln2 was induced, however, upon challenge with Puccinia graminis 
f. sp. tritici (Pgt), causal agent of stem rust (Zhang et al., 2008), whereas, Bln1 was not.  
Conversely, it is possible that the observed non-induction of Bln1 in response to Pgt was due 
to poor hybridization by allele specific probes in Contig12219_at (see next section - 
Characterization of Bln1 Transcripts). 
Proteins encoded by both genes were then examined using the suite of motif recognition 
software orchestrated via InterProScan (Quevillon et al., 2005).  Two matches were found: a 
localization signal peptide and a transmembrane domain, both positioned in the N-terminal 
region of the predicted protein.  TargetP 1.1 and WoLF PSORT II were used for signal 
peptide prediction, with both predicting secretion and a cleavage site between amino acid 
residues 29 and 30 (Nielsen et al., 1997; Horton et al., 2006; Emanuelsson et al., 2007).  The 
best match to the signal peptide was Pa-AMP-1 (Antimicrobial protein-1) from Phytolacca 
americana (common pokeberry), a member of the knottin family of antimicrobial peptides 
(Liu et al., 2000). 
Next, we compared BLN1 and BLN2 to identify shared motifs or domains that may point 
to a known protein family.  The use of InterProScan, BLAST, and the PANTHER database 
of motifs on all existing sequence information provided no information on the C-terminal 
region of these two family members (Thomas et al., 2003; Mi et al., 2005).  There were, 
however, several shared features between BLN1 and BLN2, including extensive amino acid 
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conservation in the predicted signal peptide (SP) and cleaved peptide (CP), the presence of 
only two cysteines, and a single intron in a conserved position between the cysteine residues.  
The last two features are hallmarks of small cysteine-rich antimicrobial peptides, which 
generally have an even number of cysteines (for the formation of disulfide bonds) and a 
conserved intron ~150 nt in length positioned near the SP/CP border (Graham 2008).  
Antimicrobial peptides are conserved across all living organisms, therefore, a literature 
search was performed on all small peptides found in vertebrates and invertebrates, whether or 
not they have been shown to have antimicrobial activity.  We found that small peptides with 
only two cysteines are uncommon; in fact, only six have been identified to date, from cow, 
insects, and frogs (Zasloff 2002).  Among these, the number of amino acids between the 
cysteine residues range from five to seven, as compared with eight and nine found in BLN1 
and BLN2, respectively.  The conservation of cysteine positions and signal peptide among 
BLN1, BLN2, and Pa-AMP-1 suggests a possible evolutionary connection between the 
blufensin and knottin gene families (Fig. 2A). 
We next compared the blufensins to homologs in closely related species to determine the 
degree of residue conservation in this small peptide family.  A tBLASTn search using BLN1 
revealed three and six family members in rice and wheat, respectively (Fig. 2, Table I).  No 
significant sequence similarity was found in available genomic sequences of species outside 
of the BEP clade of the Poaceae (grass) family, namely maize and sorghum.  Moreover, 
within the BEP clade, no significant similarity was found in the 4X Brachypodium sequence 
(as available on 1 October 2008), suggesting that preservation of blufensins within this clade 
may be incomplete.  Multiple sequence alignment revealed high similarity in the signal 
peptide region and conservation of specific residues in the cleaved peptide region (Fig. 2).  
The identification of two genes in diploid barley (Triticeae H genome) correlates with the six 
found in hexaploid wheat (Triticeae A, B, and D genomes), based on available EST data.  As 
illustrated in Figure 2B, phylogenetic analysis of this family grouped the rice blufensins 
distinctly from the wheat.  Curiously, HvBln1 grouped with its homologs in wheat, whereas 
HvBln2 occupied a branch distinct from both rice and wheat.  Several of the wheat blufensins 
are clustered together with barley blufensins, indicating significant sequence conservation. 
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Figure 2.  Multiple sequence alignment and phylogeny of the blufensin family.  A, Alignment of 
protein sequences of the blufensin family members in barley, rice, and wheat.  TaBln6 has a single 
nucleotide insertion that generates a frameshift.  TaBln6* represents the sequence that would result if 
the insertion were not present.  SP designates the putative position of the signal peptide cleavage site 
and a “*” designates the position of the cysteine residues.  B, Unrooted phylogeny based on alignment 
of blufensin family coding sequences with 1000 bootstraps.  Support over 90% is shown at branch 
points in the phylogeny.  The DNA alignment was used due to the poor bootstrap support generated 
from using the short protein sequence. 
Characterization of Bln1 Transcripts 
We also investigated Bln1 expression profiles in a third microarray dataset (BB2) 
involving cultivar Sultan-5 (Mla12), as well as mla12 and rar1 loss-of function mutants 
derived from the Sultan-5 genotype (Torp and Jørgensen, 1986; Freialdenhoven et al., 1994; 
Caldo et al., 2006) (retrieved from BarleyBase/PLEXdb; http://www.plexdb.org/).  Rather 
surprisingly, induced transcript accumulation was not observed in Sultan-5 or its mutant 
derivatives.  We suspected that this was due the divergence of Bln1 sequences in Sultan-5, 
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Table I.  Annotations of blufensin family members in barley, rice and wheat. 
Gene UniGene 
Intron 
(nt) 
Representative 
EST Tissue sources of EST libraries Probe Set Identifiera 
Bln1 Hv.7600 124 BF065217 leaf + Bgh, root Contig12219_at 
Bln2 Hv.6852 94 BU993675 leaf + Bgh, callus, mixed Contig26496_at 
OsBln1 Os.22968 116 CT836027b 
leaf + drought, leaf + UVB, leaf + 
CuSO4, leaf + gamma-ray, root + 
CdCl2, root + gamma-ray, whole 
plant Os.22968.1.A1_at 
OsBln2 Os.69114 130 AK243688b root + gamma, whole plant n.a. 
OsBln3 Os.46729 136 CT835763b 
embryo/shoot + cold stress, salt 
stress (tissue unknown) Os.46728.1.S1_at 
TaBln1 Ta.19935 n.a. CA684496 
leaf + Bgt, spike + Fg, root, low 
temperature, shoot TaAffx.26815.1.S1_at 
TaBln2 Ta.13933 n.a. BQ744267 root Ta.13933.1.S1_at 
TaBln3 Ta.51548 n.a. CA692443 leaf + Bgt, root n.a. 
TaBln4 Ta.8907 n.a. CD871652 root Ta.8907.1.S1_at 
TaBln5 n.a. n.a. BE444738 root n.a. 
TaBln6 Ta.51539 n.a. CA689752 leaf + Bgt, root TaAffx.26343.1.S1_at 
TaBln7 n.a. n.a. CA690735 leaf + Bgt TaAffx.108205.1.S1_at 
aProbe set identifier for respective Affymetrix platforms of barley, rice, and wheat 
bGenBank accession is a full-length cDNA 
 
which would interfere with efficient hybridization to Barley1 GeneChip probe sets.  
Therefore, additional Bln1-homologous cDNA and genomic clones were isolated from CI 
16137 (Mla1), CI 16151 (Mla6), CI 16155 (Mla13), Sultan-5 (Mla12) and Golden Promise 
by reverse transcription-polymerase chain reaction (RT-PCR) and Inverse PCR (IPCR), 
respectively.  Genomic DNA sequence analysis revealed that there are two copies of Bln1 in 
CI 16137, CI 16151, CI 16155, which all are near isogenic derivatives of cultivar Manchuria 
(Moseman, 1972).  These two copies were designated as Bln1-1 and Bln1-2.  As illustrated in 
Figure 3A, Bln1-1 is highly similar to Bln1-2, except that Bln1-2 has three SNPs within the 
ORF, which generate 3 nonsynonmous changes in the C-terminal end of the predicted 
protein.  A single-copy chimera of Bln1-1 and Bln1-2 is contained within Sultan-5 and 
Golden Promise, which was designated Bln1-3 (Fig. 3A).  Verification of copy number in 
each line was confirmed by Southern analysis (data not shown).  A conserved 124 nt GT-AG 
type intron was identified, with only 2 SNPs within the intron between Bln1-1 versus Bln1-2 
and Bln1-3 (Fig. 3B).  The 3’ UTRs of Bln1-2 and Bln1-3 were identical, but highly 
dissimilar to Bln1-1 (not shown).  The coding region, intron and 3’UTR of Bln1-3 were 
identical with Bln1-2, yet, the promoter of Bln1-3 was the same as Bln1-1 (Fig. 3B and data 
not shown). 
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Figure 3.  Comparison of Bln1 sequences and transcript accumulation.  A, Amino acid alignment of 
Bln1-1, Bln1-2 and Bln1-3 alleles/paralogs.  Grey shaded boxes indicate identity across all eight 
sequences.  SP designates the putative position of the signal peptide cleavage site and a “*” designates 
the position of the cysteine residues.  B, Bln1-1 gene model with promoter analysis of gDNA fragment 
cloned via inverse PCR.  Grey boxes indicate exons, with a single intron between exon 1 and 2.  
Symbols shown in legend indicate the positions of several promoter elements associated with defense 
(W-box, WRKY; MYB; P-box), xylem-, and root-specific-expression.  Alignment of gDNA of Bln1-1 
and Bln1-2 and cDNA Bln1-1 shows the extensive nucleotide divergence between these paralogs 
beginning near the end of the intron.  C, Differential transcript accumulation of Bln1 paralogs upon 
inoculation with Bgh isolate 5874.  RT-PCR was performed on RNA isolated from seedling leaves 24 
hours after Bgh inoculation (I) or from non-inoculated controls (NI).  Actin was used as the internal 
control in all samples.  The genomic DNA PCR results shown demonstrate the existence of different 
paralogs in different genotypes. 
 
As the Barley1 GeneChip could not measure transcript accumulation of Bln1-2 and Bln1-
3, we designed primers (Table II) based on the newly discovered sequence polymorphisms to 
perform copy specific RT-PCR of all three putative alleles or paralogs in response to Bgh.  
As illustrated in Figure 3C, Bln1-3 specific transcripts were amplified from RNA isolated 
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Table II.  Primers used for Inverse-PCR, Bln1 transcript detection, BSMV-VIGS vector 
construction, Bln1 silencing constructs and semiquantitative RT-PCR 
Primer namea Primer sequences (5’→ 3’) Function 
Bln1IPallf  AGGAGGATCAGCATCAGCCGAA Inverse-PCR (universal) 
Bln1IPp1r  CGAGATGGACCATTTCTGTGCA Inverse-PCR (AflIII) 
Bln1IPp2r GATATGTTTGTACTGTGACCT Inverse-PCR (MspI and NcoI) 
Bln1-1/ Bln1-3f ATTGCACGAGAACGAAGCA Transcript detection 
Bln1-2f CCAAGTAGAAATACAGGAAG Transcript detection 
Bln1allr TAGAGCAGCTTCCAACGCC Transcript detection 
BSMVαf GTATGTAAGTTGCCTTTGGGTGT VIGS vector 
BSMVβf GTAAAAGAAAAGGAACAACCCTGT VIGS vector 
BSMVγf GTATAGCTTGAGCATTACCGTCGT VIGS vector 
BSMVallr TGGTCTTCCCTTGGGGGACCG VIGS vector 
BSMV:Bln1248f ATATTAATTAAACGAGGATATGGCAAAGAACTAC Silencing construct 
BSMV:Bln1248r TATGCGGCCGCTAATAGTAGAGCAGCTTCCAACG Silencing construct 
BSMV:Bln1162f ATATTAATTAAGCAAAGAACTACTCCTCTGCGACC Silencing construct 
BSMV:Bln1162r TATGCGGCCGCTGCTTATGAGCCACCATTAGGG Silencing construct 
BSMV:Bln1SQf GAGCCGAACGAGGATATGG Semiquantitative RT-PCR  
BSMV:Bln1SQr TACCAGGTCACAGTACAAACA Semiquantitative RT-PCR 
BSMV:Bln2SQf GGAAGAAAGCAACATCCATCTC Semiquantitative RT-PCR 
BSMV:Bln2SQr CAATGCGAGATCCTACCAAATC Semiquantitative RT-PCR 
Actinf TCGCAACTTAGAAGCACTTCCG Semiquantitative RT-PCR 
Actinr AAGTACAGTGTCTGGATTGGAGGG Semiquantitative RT-PCR 
aForward primers are designated as “f” and reverse primers are indicated as “r”. 
 
from Bgh-inoculated leaves in all five cultivars, but no amplification product was detected 
from RNA isolated from non-inoculated plants.  However, when using primers specific for 
Bln1-2, no PCR product was detected from RNA isolated from either inoculated or non-
inoculated tissues.  All sequenced ESTs in GenBank are identical to Bln1-1 (Table I), 
therefore, our working hypothesis is that Bln1-1/3 harbors a functional promoter, while Bln1-
2 may have a non-functional promoter or one not associated with leaf or Bgh-induced 
expression. 
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Promoter Analysis of Bln1-1 
The 5’ upstream regions of Bln1-1, Bln1-2, and Bln1-3 were isolated using IPCR from 
gDNA of cultivars CI 16151 and Golden Promise.  As shown in Figure 3B and Table III, 
several common motifs associated with defense (W-box, WRKY; MYB; P-box), xylem-, and 
root-specific-expression were identified in the upstream region of Bln1-1.  Of those 
associated with defense, three WRKY transcription factor binding sites or W-boxes 
(TTTGACY), were found, at -602, -526, and -391 bases, respectively, from the TATA-box 
(Rushton et al., 1996; Eulgem et al., 2000).  Additionally, three MYB-binding sites 
(MACCWAMC) were found, at -92 and -45 nucleotides from the TATA-box, and within the 
3’UTR of Bln1-1 (Sablowski et al., 1994; Tamagnone et al., 1998).  The xylem-specific 
expression elements, ACII (CCACCAACCCCC) and XYLAT (ACAAAGAA) are located at 
-91 and -245 bases from the TATA-box, respectively.  ACII is an extended MYB-binding 
site motif with additional specific nucleotides that generate xylem specific expression 
(Patzlaff et al., 2003; Gomez-Maldonado et al., 2004).  Lastly, nine root-specific expression 
elements (ATATT) were found within -600 to -500 bases from the TATA-box.  The presence 
of these elements is consistent with EST evidence of expression in root tissue (Table I).  All 
described motifs were highly over-sampled with respect to prevalence in the rice genome 
(Table III).  Specifically, the number of observed ACII and W-box motifs was only greater in 
less than 0.01 and 1.6% of all rice genes, respectively (quantile estimate based on rice V5). 
Functional Analysis of Bln1 via Barley stripe mosaic virus (BSMV) Induced Gene 
Silencing (VIGS) 
A new DNA bombardment-based silencing system for the Triticeae 
In recent years, virus induced gene silencing (VIGS) has emerged as a powerful reverse 
genetics tool for the functional analysis of gene candidates in both model and crop plant 
species.  In monocots, Brome mosaic virus (BMV) has been utilized for functional genomics 
studies in rice and maize (Ding et al., 2006), whereas, Barley stripe mosaic virus (BSMV) 
has been used for barley and wheat (Holzberg et al., 2002; Lacomme et al., 2003; Hein et al., 
2005; Scofield et al., 2005).  In these previous studies, BSMV vectors were under control of 
the T7 promoter, which requires in vitro transcription to make infectious RNA transcripts for 
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Table III.  Analysis of sequence motifs in Bln1-1 promoter as compared with rice  
 
Number of motifs 
Sequence Motif Statistically expecteda Observed in rice (mean)b 
Observed in  
Bln1-1 promoter 
ACII (CCACCAACCCCC) 0.00011 0.00067 1 (99.9%)c 
MYB (MACCWAMC) 0.22 0.35 2 (93.5%) 
Root-specific (ATATT) 1.78 4.01 9 (89.5%) 
W-box (TTTGACY) 0.22 0.35 3 (98.4%) 
XYLAT (ACAAAGAA) 0.028 0.068 1 (93.5%) 
aExpected number of motifs based on length of Bln1-1 promoter. 
bObserved number of motifs in rice genome per gene. 
cPercentage of promoters in the rice genome that have a lower number of motifs as compared to Bln1-1 
 
plant inoculation.  We developed a modified BSMV-VIGS system using particle 
bombardment of DNA into barley seedlings, which eliminates the in vitro transcription step 
and is more amenable to high-throughput studies.  As illustrated in Figure 4A, the new 
BSMV-VIGS DNA vector set consists of independent BSMV:α, BSMV:β and BSMV:γ 
clones under the control of the Cauliflower mosaic virus (CaMV) 35S promoter.  Silencing 
of phytoene desaturase (PDS) (Holzberg et al. 2002) was used to quantify the efficacy of 
silencing with this approach, resulting ~80% of the newly inoculated plants exhibiting a 
photobleaching phenotype. 
Silencing of Bln1 enhances plant resistance in compatible interactions 
To examine the role of Bln1 in barley defense response to Bgh, we used the bombardment 
based BSMV-VIGS approach to down-regulate Bln1 gene expression.  Figure 4A illustrates 
two Bln1 cDNA fragments of different lengths inserted downstream of the stop codon of γb, 
designated as BSMV:Bln1248 and BSMV:Bln1162, respectively.  Wild type γ BSMV:00 was 
used as a negative control.  After a survey of BSMV-bombarded cultivars, Clansman 
(Mla13) and CI 16151 (Mla6) were chosen for VIGS assays, since silencing of PDS 
(Phytoene desaturase) in these genotypes exhibited less virus infection symptoms, but 
significant photobleaching.  Plants were inoculated with Bgh 5874 (avra13, AVRa6) 12 days 
after BSMV treatment, and third leaves were scored for Bgh infection type seven days later. 
Three independent experiments of Clansman infected with Bgh 5874 demonstrated that 
silencing Bln1 visibly enhanced resistance.  Microscopic inspection was carried out to 
determine penetration efficiency (PE), as calculated by the percentage of total conidiospores 
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Figure 4.  BSMV-VIGS of Bln1 in Clansman (Mla13) and Morex (mla).  A, Schematic representing 
the DNA-based, BSMV-VIGS constructs.  The three subgenomes of BSMV are under the control of 
the CaMV 35S promoter.  Resulting transcripts are cleaved at the 3’ terminus by the Hepatitis Delta 
Virus (HDV) ribozyme.  B, Clansman (Mla13) plants were subject to four treatments: mock 
(carborundum phosphate buffer), empty vector (BSMV:00) and test constructs (BSMV:Bln1248 and 
BSMV:Bln162).  Plants were inoculated with Bgh twelve days after treatment and photographed at 7 
dai.  Semi-quantitative RT-PCR was performed with Bln1-1 and Bln2 specific primers to detect mRNA 
degradation of targeted transcripts.  The lanes designated 20, 25, 30 and 35 indicate the number of 
amplification cycles performed for each sample.  For each sample, the right-most lane “NC” shows the 
results of 35 cycles of PCR without RT, as a negative control.  Actin transcripts serve as a quantitative 
control for each sample.  C, BSMV-VIGS of Bln1 in Morex.  Protocols were as described in panel B. 
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that produced haustoria and secondary hyphae.  As shown in Figure 4B, BSMV:Bln1248 and 
BSMV:Bln1162 inoculated plants were significantly less susceptible at 7 days after 
inoculation (dai) than the inoculated BSMV:00 and non-BSMV inoculated control plants 
(mock), resulting in a PE of 21% for BSMV:00, as compared to 11% in BSMV:Bln1248 and 
12% in BSMV:Bln1162 silenced plants, respectively.  In incompatible interactions, CI 16151 
plants were fully resistant in BSMV:Bln1248 and BSMV:Bln1162 infected plants, with no 
significant difference observed between inoculated BSMV:00 and mock control plants.  
When CI 16151 test plants were inspected microscopically, no Bgh secondary hyphae were 
detected up to 7 dai in either silenced or control plants.  Thus, the significant reduction in 
susceptibility in compatible interactions suggests that Bln1 could function as a negative 
regulator of barley defense response to Bgh infection. 
Semi-Quantitative RT-PCR of Bln1 and Bln2 mRNA from VIGS treated plants 
Transcript accumulation of Bln1-1 was assayed to monitor the level of Bln1 gene 
silencing.  The third leaves of BSMV-treated plants were used for RT-PCR assays 24 hours 
after Bgh inoculation.  Barley actin mRNA was used as an internal quantitative control for all 
samples (Halterman et al., 2003).  Using Bln1-1 specific primers (Table II), semi-quantitative 
RT-PCR revealed the reduction of Bln1-1 transcripts in both BSMV:Bln1248 and 
BSMV:Bln1162 infected leaves as compared to inoculated BSMV:00 and mock inoculated 
plants (Fig. 4B and C).  There were no detectable amplicons at 20 cycles in Bln1-1 silenced 
plants.  However, amplicons could be observed when using 25 cycles or higher, indicating 
silencing efficiency is not 100 percent.  This is consistent with the observed heterogeneous 
silencing pattern observed in BSMV:PDS plants (Scofield et al, 2005).  To check for off-
target silencing of associated blufensin family members, Bln2-specific primers (Table II) 
were used for semi-quantitative RT-PCR on the same RNA samples.  Bln2 mRNA levels 
were equivalent in BSMV:Bln1248, BSMV:Bln1162, BSMV:00 and mock inoculated control 
plants indicating a low probability of cross-silencing with Bln1-1 (Fig. 4B and C).  These 
results imply that the reduced susceptibility to Bgh in BSMV-VIGS treated plants is due to 
the suppression of Bln1, and not due to silencing of its family member, Bln2. 
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Bln1-1 is highly inducible in all barley genotypes tested, but silencing consequences differ 
To further understand the role of Bln1 in barley defense response to Bgh, we silenced 
Bln1 in 12 additional barley genotypes and recorded the resulting infection types in 
compatible interactions with Bgh 5874 (Table IV).  Barley cv. Black Hull-less seedlings were 
bombarded with BSMV:Bln1248, BSMV:Bln1162 or BSMV:00 constructs, respectively.  
Seven days after bombardment, BSMV infected leaves that showed a visible stripe mosaic 
phenotype were utilized to recover recombinant virions, which, in turn were uniformly 
applied to test plants by mechanical inoculation.  After 12 days of silencing, plants were 
inoculated with the Bgh 5874 isolate.  Seven days after Bgh inoculation, six genotypes, 
including Morex (mla) (Fig. 4C), exhibited a significant reduction in susceptibility in 
BSMV:Bln1248 and BSMV:Bln1162 transformed plants as compared with BSMV:00 and 
mock, whereas the other seven were not significantly different from the BSMV:00 control 
(Table IV).  Moreover, silencing generated significantly reduced susceptibility in Bln1-
silenced Ingrid (Mlo) plants at 7 dai with Bgh (Table IV), while silencing in mlo-5 BC7 
Ingrid had no effect.  When plants were inspected microscopically, we observed a reduction 
in PE from 38% in BSMV:00 to 22% in BSMV:Bln1248 and 28% in BSMV:Bln1162 silenced 
Mlo plants, respectively.  Therefore, silencing of Bln1 generates reduced susceptibility in the 
presence of wild-type Mlo. 
The above results contrast with the level of Bln1-1 transcript accumulation at 24 hours 
after inoculation (hai) in all thirteen genotypes, as demonstrated by RT-PCR analysis (Fig. 
5).  It is possible that the ability of the host plant to tolerate virus accumulation interfered 
with the efficiency of BSMV-induced gene silencing, since the seven genotypes with no 
significant reduction in susceptibility to Bgh exhibited significant necrosis along the mid- and 
lateral veins in the upper half of the second leaf, a strong BSMV infection symptom.  
Specific cultivars must be utilized which provide a suitable genetic background to tolerate 
the substantial levels of BSMV accumulation that are required to elicit a significant VIGS 
response (Hein et al., 2005).  Thus, although Bln1-1 is highly expressed in all genotypes 
upon inoculation of Bgh, there were diverse phenotypic effects of attempted Bln1 silencing in 
different genotypes. 
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Table IV.  Bgh 5874 infection types after BSMV-VIGS of Bln1 in 13 compatible barley-
Bgh interactions. 
No. Genotypea Mock BSMV:00 BSMV:Bln1248 BSMV:Bln1162 
1 Clansman (Mla13) 3-4b 3 2 2 
2 Morex (mla) 3-4 3-4 2 2 
3 Ingrid (Mlo) 4 4 2 2 
4 Harrington 3-4 3-4 1-2 1-2 
5 Steptoe 3-4 3-4 2 2 
6 HOR11358 (Mla9) 4 3-4 1-2 1-2 
7 CI 16147 (Mla7) 3 3 3 3 
8 CI 16149 (Mla10) 3 3 3 3 
9 CI 16139 (Mlg) 4 4 4 4 
10 CI 16141 (Mlh) 4 4 4 4 
11 CI 16143 (Mlk) 3 3 3 3 
12 CI 16145 (Mlp) 3 3 3 3 
13 OWB rec 4 4 4 4 
aGenotypes  in rows 1-6 exhibited significantly reduced susceptibility, while genotypes in rows 7-13 were not 
significantly different after silencing.  Order of genotypes is identical to Figure 5. 
bPlants were inoculated with Bgh isolate 5874 (AVRa1, AVRa6).  The rates of severity of Bgh infection are presented 
as 0 to 4, indicating levels of sporulation from completely resistant (0) to completely susceptible (4). 
Overexpression of Bln1 Results in Hypersusceptibity to Bgh 
In light of the enhanced resistance to Bgh in compatible interactions due to Bln1 
silencing, we hypothesized that overexpression of Bln1 should render comparable epidermal 
cells supersusceptible.  To test this, we utilized single-cell-transient overexpression of Bln1 
in barley epidermal cells (Shirasu et al., 1999).  The full length Bln1-1 ORF was cloned into 
the vector pUbi:Nos to create the expression construct pUbi:Bln1.  The pUbi:Bln1 plasmid 
was then co- bombarded with the pUGN GUS-expression vector (Nielsen et al., 1999) into 
Clansman (Mla13) epidermal cells and subsequently challenged with the virulent Bgh isolate 
5874 (avra13).  Control bombardments were performed with the pUGN reporter construct 
alone.  Fungal penetration efficiency (PE) was calculated as the ratio of GUS-marked cells 
exhibiting elongating secondary hyphae (ESH) to the total transformed cells attacked by Bgh.  
As shown in Table V, generalized linear mixed model analyses for three independent 
experiments revealed that formation of elongating secondary hyphae in compatible 
interactions (an indicator of penetration efficiency) was significantly more likely for 
constructs pUGN + pUBI:Bln1 than for construct pUGN alone (P value = 0.0028).  
Overexpression of Bln1 in CI 16151 (Mla6) cells did not compromise resistance in 
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Figure 5.  RT-PCR to detect Bln1 transcript accumulation in 13 barley genotypes.  RNA was isolated 
from seedling leaves 24 hours after Bgh inoculation (I) or from non-inoculated controls (NI).  Actin 
transcripts serve as a quantitative control for each sample.  Order of genotypes is identical to Table IV. 
 
incompatible interactions with Bgh isolate 5874 (AVRa6).  Combined with the BSMV-VIGS 
experiments above, results from the overexpression experiments provide additional support 
for the hypothesis that Bln1 negatively regulates basal defense, but does not compromise 
effector triggered Mla6-mediated race-specific resistance. 
DISCUSSION 
BLN1 Plays a Key Role for Powdery Mildew Susceptibility in Barley 
We have shown here that BLN1, a small peptide of the novel blufensin gene family, 
negatively impacts the defense response to barley powdery mildew.  Based on the expression 
profiling results of Caldo and colleagues (2004), Bln1 was one of several genes that exhibited 
an equivalent pattern of transcript accumulation in both incompatible or compatible 
interactions during germination of Bgh conidiospores and formation of appressoria (Fig. 1).  
However, during establishment of the perihaustorial interface between penetrating Bgh and 
host epidermal cells, divergent expression of these transcripts occurred, in which compatible 
interactions lead to lower accumulation of transcripts compared to paired incompatible 
interactions. 
In gene-for-gene mediated incompatible interactions, the increase in Bln1 transcript 
accumulation could be interpreted to imply that Bln1 transcript accumulation is intimately 
associated with Bgh defense.  However, lower Bln1 transcript accumulation in compatible 
interactions, would suggest that its expression was influenced by Bgh invasion and its 
reduction is correlated with increased susceptibility (Caldo et al., 2004).  In fact, we observed 
the opposite.  Decreased susceptibility in compatible interactions was observed via BSMV- 
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Table V.  Results of overexpression of Bln1 in cultivars Clansman (compatible) and CI 
16151 (incompatible) after inoculation with Bgh 5874 
  Bgh 5874 (AVRa6, avra13) 
Cultivar (R gene) Construct 
Total no. GUS cells 
with conidiosporea 
Total no. GUS cells 
with elongating 
secondary hyphaea PEb (%) 
P value 
(control 
vs. Bln1)c 
Clansman (Mla13)  Ubi:GUS 281 84 29.9  
Clansman (Mla13)  Ubi:GUS + pUBI:Bln1 505 273 54.1 0.0028 
CI 16151 (Mla6) Ubi:GUS 263 0 0  
CI 16151 (Mla6) Ubi:GUS + pUBI:Bln1 372 1 0.3 n.s. 
aRaw numbers indicate the combined results of three independent experiments. 
bPE (penetration index) represents GUS stained cells with secondary hyphae among the total number of GUS stained cells 
with spores attached. 
cP values were obtained using a generalized linear mixed model to test for significant differences in secondary hyphae 
formation by comparing the test constructs vs. the empty vector negative control. 
 
VIGS mediated suppression of Bln1, whereas, susceptibility was enhanced after Bln1 
overexpression.  Bgh-induced, Bln1 transcript accumulation was evident in all 18 barley 
genotypes tested, implicating a conserved mechanism of regulatory control.  Bln1 silencing 
enhanced plant resistance in compatible interactions, regardless of the presence or absence of 
Mla CC-NBS-LRR alleles, indicating BLN1 can function in a R-gene independent manner.  
Based on the phenotypic observations described above, we propose two hypotheses that 
model the function of BLN1.  Namely, 1) BLN1 is a negative regulator of penetration 
defense, resulting in the attenuation of host defenses that retard fungal infection, similar to 
mlo-mediated resistance or 2) BLN1 is a susceptibility factor that is required for promoting 
fungal establishment, penetration, and/or colonization.  Indeed, these hypotheses are not 
mutually exclusive - the difference could be considered semantic in that a negative regulator 
of defense could be considered one class of susceptibility factors. 
Host Accessibility and Susceptibility Factors in Plant Defense 
The possibility that BLN1 has been recruited by Bgh to take advantage of host factors 
normally utilized for basic metabolism and defense is not without reason.  To acquire 
nutrients from host cells, obligate biotrophic fungi have evolved mechanisms to secrete 
effectors to suppress host defenses (Dodds et al., 2004; Catanzariti et al., 2006; Wang et al., 
2007), and to induce host susceptibility genes (Schulze-Lefert and Panstruga, 2003; 
Hückelhoven, 2005).  In Arabidopsis and barley, several host susceptibility factors have been 
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identified for powdery mildew, but how pathogens utilize these host genes remains unclear 
(Schultheiss et al., 2002; Hückelhoven et al., 2003; Schultheiss et al., 2003; Hückelhoven, 
2005).  The observation of proteins similar to the plant blufensin family within many 
Ascomycota species may indicate functional mimicry (Abramovitch et al., 2006).  To 
determine if convergent coevolution of the blufensin family with host pathogens might exist, 
both BLAST and pattern matching using regular expressions identified conserved family 
members (M. Moscou and R. Wise, unpublished).  Interestingly, matches were found in the 
genomic sequences of the two grass fungal pathogens, Magnaporthe grisea and Blumeria 
graminis f. sp. hordei, but, no significant homology was found outside of the Ascomycota 
phylum.  If these fungal proteins are expressed in hyphae and at the perihaustorial interface, 
they may suggest a role in plant susceptibility, the establishment of feeding structures, and/or 
biotrophic interactions between the plant and pathogen (Dodds et al., 2004).  An example of 
functional mimicry is provided by a root-knot nematode secreted protein found to have high 
similarity to the peptide hormone CLAVATA3 (CLE3), which binds to CLAVATA1 to 
stimulate root formation (Huang et al., 2006).  Alternatively, the possibility exists that Bgh 
induces a gene in barley that acts a stimulant to fungal growth.  This notion of the induction 
of host susceptibility factors and/or functional mimicry of plant and pathogen signaling 
peptides presents a co-evolutionary model of selection for and against factors which mediate 
this biotrophic interaction. 
Negative Regulators in Plant Defense 
Our early understanding of disease defense came via studies involving R-gene mediated 
resistance, also known as effector-triggered immunity, where a rapid and evolutionarily 
adapted response is generated after recognition of an invading pathogen.  This is in contrast 
to PAMP (pathogen-associated molecular patterns)-triggered immunity or basal defense, 
which expresses a non-specific and broader type of resistance response.  Negative regulation 
of the basal defense pathway prevents unchecked potentiation of the response and deleterious 
effects on normal cell functions (Alexander and Hilton, 2004; Ge et al., 2007).  As we 
demonstrated that Bln1 did not require a functional effector-triggered resistance, we surmise 
that Mla-mediated post-penetration resistance is epistatic to the negative regulation of Bln1-
mediated suppression. 
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MLO, as a negative regulator of penetration resistance, but not Mla-mediated HR, is 
essential for compatibility to all known Bgh isolates (Büschges et al., 1997; Piffanelli et al., 
2002).  Hypothesized to be a host susceptibility factor, it is believed that MLO is recruited by 
Bgh to diminish the plant defense response (Büschges et al., 1997; Devoto et al., 1999).  A 
small GTP-binding protein of the barley RAC family is associated with MLO-mediated 
suppression of Bgh defense (Schultheiss et al., 2002) and RACs can regulate subcellular 
gradients of Ca2+ (Schultheiss et al., 2003).  A domain that mediates a Ca2+-dependent 
interaction with calmodulin has been identified in MLO, and loss of calmodulin binding 
inhibits the capacity for MLO to negatively regulate Bgh defense (Kim et al., 2002).  Like 
HvCaM3, silencing of Bln1 also enhanced resistance to Bgh in plants harboring wild-type 
Mlo, but not in mlo-5 mutants, suggesting that BLN1 functions in parallel with or upstream 
of MLO to modulate penetration resistance.  Preliminary experiments using a BLN1-GFP 
fusion construct bombarded into barley epidermal cells indicated that BLN1 was 
undetectable in the nucleus, and located mainly in the cytoplasm and the cell periphery.  By 
contrast, the GFP control was mainly localized in the nucleus and the cytoplasm (Y. Meng 
and R. Wise, unpublished).  Computational analysis of the BLN1 signal peptide predicts that 
BLN1 is secreted into the apoplast, which is consistent with these early fusion assays.  MLO 
is localized to the plasma membrane (Devoto et al., 1999).  Indeed, if Bln1 is secreted into 
the apoplast, it may act as a ligand to generate a signal transduction cascade, influencing Bgh 
accessibility. 
Alternative Modes of Action of Bln1 Function 
Several functional models can account for the process by which Bln1 mediates the 
balance between susceptibility and resistance.  These are based on a specific tissue or 
compartment in which BLN1 functions.  If BLN1 were localized to the cytoplasm, it may act 
as an oxidation sensor (Cumming et al., 2004).  Normally the reductive environment of the 
cytoplasm does not permit stable disulfide bonds.  But with the formation of ROS, disulfide 
binding is known to alter the structures of proteins involved in several pathways, including 
the master regulator of defense, NPR1, which loses intermolecular disulfide bonds after 
being catalyzed by thioredoxins (Cumming et al., 2004; Tada et al., 2008).  In this scenario, 
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Bln1 could activate a negative regulatory response due to the formation of a disulfide bond 
after exposure to ROS formed at any of several stages of the defense response. 
High-Throughput DNA-Based BSMV-VIGS Promotes Functional Analysis of Genes 
Associated with Defense. 
Recently, a DNA-based Bean pod mottle virus (BPMV, genus Comovirus) was developed 
as an efficient tool for a wide range of applications in soybean functional genomics (Zhang et 
al., 2009).  Accordingly, functional analysis of barley genes associated with resistance to Bgh 
was facilitated by development of a similar, DNA-based BSMV-VIGS system.  Relative to 
the commonly used RNA-based BSMV-VIGS, which uses mechanical inoculation of in vitro 
generated transcripts (Hein et al., 2005; Scofield et al., 2005), the biolistic-based delivery 
system is easier to handle and cost efficient.  Since the experimental substrate is DNA, as 
opposed to RNA, constructs are more stable and increase the probability of obtaining 
silenced plants.  Using biolistic transfer of wild type BSMV constructs to barley cultivar 
Black hull-less, 80-100% of the plants normally display a BSMV infection phenotype seven 
days after bombardment. 
BSMV-based VIGS constructs can be passaged through the barley host, thus, 
inexpensively amplifying recombinant virions.  Since we usually test the effect of silencing 
on multiple plants from one cultivar or multiple cultivars, utilization of this traditional “plant 
pathology” step makes this system more amenable to high-throughput applications.  An 
intermediate mechanical infection step has also been adopted to infect Arabidopsis by using 
the sap of Nicotiana benthamiana infected with Tobacco rattle virus (Lu et al., 2003) and to 
infect rice by using sap from BMV infected barley (Ding et al., 2006).  In our hands, 
recombinant virions from one infected Black-hulless plant could be used to test ~30 
additional plants of different cultivars.  The one drawback is that the additional seven days 
required for the secondary BSMV infection can result in instability of the recombinant inserts 
during viral replication (Bruun-Rasmussen et al., 2007).  To verify the stability of our 
constructs, RT-PCR was conducted on RNA isolated from BSMV-VIGS treated leaf tissue 
24 hours after inoculation (hai) with Bgh.  About 50% of BSMV:Bln1248 and BSMV:Bln1162 
derived transcripts contained the Bln1 inserts (data not shown).  Even so, these plants 
displayed significant reduction in susceptibility (Fig. 4). 
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The BSMV vector was useful in many different cultivars.  Since BSMV has a broad host 
range among the grasses, e.g., oat, maize and wheat, we anticipate that this system could be 
used as a powerful tool for functional studies in a wide range of economically important 
plant species.  In this study, this effective reverse genomics tool was used to characterize a 
novel Blufensin family member, Bln1, which negatively impacts barley basal defense 
response to Bgh.  Other Bln family members in barley, rice and wheat may also have 
associated functions in crop defense response to biotrophs.  Functional identification of this 
novel gene family may shed light on mechanisms that are required for regulation of grass 
disease resistance. 
CONCLUSION 
The development of new technology that translates primary research in model systems to 
agronomic traits of interest in crop species is now feasible.  The high-throughput silencing 
assay permitted our investigation of the negative regulatory role of BLN1 during disease 
defense, implicating another protein, in addition to MLO, BI-1, and RACB.  As these and 
new regulators are identified, our understanding of the delicate balance between resistance 
and susceptibility will broaden to a spectrum of quantitative regulatory network responses. 
MATERIALS AND METHODS 
Plant Materials, Growth Conditions and Fungal Isolates 
For functional analysis, seedlings of barley lines CI 16151 (Mla6), CI 16137 (Mla1), CI 
16155 (Mla13), Clansman (Mla13), Sultan-5 (Mla12), Golden Promise, CI 16147 (Mla7), CI 
16149 (Mla10), HOR11358 (Mla9), CI 16143 (Mlk), CI 15229 (Steptoe), Ingrid (Mlo), 
Harrington, CI 16139 (Mlg), OWB rec, CI 16145 (Mlp), CI 16141 (Mlh), mlo-5 BC7 Ingrid, 
and CI 15773 (Morex) were grown in a temperature-controlled greenhouse with 
supplemental lighting.  Following Barley Stripe Mosaic Virus (BSMV)-VIGS 
bombardment/mechanical inoculation, plants were transferred to a temperature-controlled 
growth chamber with a 16 hour photoperiod with light intensity ranging from 400-1,000 
μmol m-2 s-1 and a daytime temperature of 24°C and dark temperature of 20°C.  Subsequent 
to Blumeria graminis f. sp. hordei (Bgh) inoculation, plants were kept in the Bgh chamber.  
Bgh isolates 5874 (AVRa1, AVRa6, avra7, avra9, avra10, AVRa12, avra13, avrg, avrh, avrk, avrp), 
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K1 (AVRa1, avra6, AVRa13), and CC148 (AVRa1, avra6, AVRa13) were propagated on H. vulgare 
cv. Manchuria (CI 2330) in separate controlled growth chambers at 18°C (16 hours light / 8 
hours darkness). 
Isolation of Fast-Neuton Derived, mla6 Loss-of Function Mutants  
The CI 16151 line was obtained by introgression of the Mla6 gene into the universal 
susceptible cultivar Manchuria (Moseman, 1972).  Seeds of CI 16151 were treated with fast 
neutrons at 4 Gy Nf at the International Atomic Energy Agency, Vienna, Austria.   M1 seeds 
were space planted at the USDA-ARS Small Grains Laboratory in Aberdeen, Idaho.  Single 
spikes from each individual M1 plant were harvested to represent the M2 family, which was 
screened for mutant segregants by sowing intact spikes consisting of 25-40 seeds in potting 
soil following the method of (Wise and Ellingboe, 1985).  Each of 40 M2 families as well as 
the susceptible control (cv. Manchuria, CI 2330) were sown per flat.  When the first leaves 
were completely unfolded (~10 cm high), plants were inoculated with Bgh isolate 5874 
(AVRa6) and families were scored for infection type 7 days after inoculation.  Seedlings that 
produced cell death symptoms or sporulating Bgh colonies were selected for rescue.  Putative 
mutants deemed as homozygous by a 1 mutant : 3 wild-type segregation ratio were advanced 
to the M3 generation, and then retested with Bgh 5874.  Selected mutants that displayed 
sporulating Bgh colonies were crossed pairwise among each other as well as to mla1-m508, 
mla1-m600 (Zhou et al., 2001) and rar1-1 (Torp and Jørgensen, 1986; Freialdenhoven et al., 
1994; Jørgensen, 1996).  mla6-m9472 was confirmed by genetic complementation, Southern 
blot (Halterman et al., 2001), and Barley1 GeneChip analyses (Caldo et al., 2004). 
Expression Profiling and Analysis  
The Barley1 GeneChip probe array (part number 900515) is distributed by Affymetrix 
(Santa Clara, CA).  The array includes 22,792 probe sets derived from 350, 000 ESTs 
clustered from 84 cDNA libraries, in addition to 1,145 barley gene sequences from NCBI 
nonredundant database (Close et al., 2004).  Total RNA was isolated using a hot (60°C) 
phenol / guanidine thiocyanate method as described in Caldo et al. (2004).  Probe synthesis 
and labeling were performed at the Iowa State University GeneChip Core facility 
(http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm).  All detailed protocols can 
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be accessed online within the BarleyBase/PLEXdb parallel expression database for plants 
and plant pathogens (http://barleybase.org/; http://plexdb.org/) (Shen et al., 2005; Wise et al., 
2007a). 
Plants harboring Mla6 (Rar1-dependent) and Mla1 (Rar1-independent) both exhibit rapid 
and absolute resistance responses when challenged by Bgh isolates that carry cognate AVRa6 
and AVRa1 genes, respectively (Wise and Ellingboe, 1983; Boyd et al., 1995).  mla6-m9472 is 
a fast-neutron-derived, Mla6 deletion mutant derived from CI 16151 (see above).  mla1-
m508 is a γ-radiation-derived, Mla1 deletion mutant derived from CI 16137 (Zhou et al., 
2001).  Time-course GeneChip expression profiling was used to compare barley lines that 
harbor Mla6 to those with mla6-m9472, as well as to the near-isogenic line harboring Mla1 
and those with mla1-m508.  The experiment (designated BB10) was based on a split-split 
plot design described for BB2 in Caldo et al. (2006) with barley first leaves harvested at 0, 8, 
16, 20, 24, and 32 hours after inoculation with Bgh isolate 5874 (AVRa1, AVRa6).  Identical 
non-inoculated plants were included for each treatment.  BB10 consisted of 144 Barley1 
GeneChip hybridizations (4 genotypes x 6 time points x 2 inoculation treatments x 3 
biological replications) and the BB4 Caldo et al. (2004) study consisted of 108 hybridizations 
(3 genotypes x 6 time points x 2 isolates x 3 biological replications) resulting in a total of 84 
treatment combinations for the two experiments.  Both studies were conducted under 
identical conditions, except inoculations for BB4 were performed in 2002 and inoculations 
for BB10 were conducted in 2004.  Interpretation of results was based on gene expression 
data within each experiment (Stevens and Doerge, 2005). 
Normalization and Data Analysis 
Normalization, data transformation and mixed linear model analysis (Wolfinger et al., 
2001) for the BB10 derived microarray data were patterned after the methods used in Caldo 
et al. (2004).  The mixed linear model analysis was performed using the SAS MIXED 
procedure.  Contrast statements in SAS were made to compare mRNA expression over time 
in non-inoculated and inoculated plants for the individual genotypes. 
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Microarray Data Access 
All detailed data and data from expression profiling have been deposited in 
BarleyBase/PLEXdb (http://barleybase.org; http://plexdb.org/), a MIAME-compliant 
expression database for plant GeneChips (Shen et al. 2005).  Files are categorized under 
accession number BB4 for the 108 GeneChip Caldo et al. (2004) study and BB10 for the 144 
GeneChip, Mla genotypes and derived mutants experiment.  Data files have also been 
deposited in ArrayExpress (http://www.ebi.ac.uk/arrayexpress) as accession number E-
MEXP-142 for the Caldo et al. (2004) study and E-TABM-142 for the BB10 investigation.  
Barley1 GeneChip data files for Fusarium gramearum (Boddu et al., 2006) and P. graminis 
tritici experiments (Zhang et al., 2008) are categorized under PLEXdb accession numbers 
BB9 and BB49, respectively. 
GenBank Accession Numbers  
Accession numbers for Bln1-1 genomic sequences are FJ156737 (CI 16151), FJ156738 
(CI 16155) and FJ156739 (CI 16137), Bln1-2 genomic sequences are FJ156740 (CI 16151), 
FJ156741 (CI 16155) and FJ156742 (CI 16137), and Bln1-3 genomic sequences are 
FJ156743 (Sultan-5) and FJ156744 (Golden Promise).  Accession numbers for Bln2 genomic 
sequences are FJ156745 (CI 16151), FJ156746 (CI 16155), FJ156747 (CI 16137), FJ156748 
(Sultan-5) and FJ156749 (Golden Promise). 
Genetic Mapping of Bln1-1 in the Oregon Wolfe Doubled Haploid Mapping Population 
DNA was extracted from the 94 progeny and parents of the Oregon Wolfe Barley (OWB) 
DH mapping population.  PCR amplification was performed on the parents (OWB Dominant 
and OWB Recessive) and progeny of the OWB population using Bln1-1 specific primers, 
forward Barley1_12219_p2f (5’-GGTTTTCGTTGGTGGCAT-3’) and reverse 
Barley1_12219_p2r (5’-CACACCGACGGCTCAAAA-3’).  Sequencing of the PCR product 
revealed a T/G polymorphism in the intron at nucleotide position 1134 in Bln1-1 (GenBank 
Accession: FJ156737).  The barley genetic map generated from pooled oligo assay (POPA) 
markers placed Bln1-1 near the telomere on the long arm of chromosome 5H by its co-
segregation with POPA marker 1_0310 at 223.59 cM (genetic length of chromosome 5H is 
231.12 cM) (Close et al., 2009). 
 
109 
Identification of the Blufensin Family 
Unigene numbers used refer to those originally assigned in assembly 21 from Close et al 
(2004), which was the template used for designing the Affymetrix Barley1 GeneChip (Close 
et al.).  BLAST version 2.2.13 from NCBI (www.ncbi.nlm.nih.gov) was used for all 
sequence database queries.  The website interface of InterProScan (www.ebi.ac.uk/interpro/; 
July 2008) was utilized for domain and structure prediction.  Databases used for identifying 
family members were Gramene (www.gramene.org) for rice, PlantGDB (www.plantgdb.org) 
for all other plant species, and both NCBI (www.ncbi.nlm.nih.gov) and UniProt 
(www.uniprot.org) for targeting all other organisms. 
Multiple Sequence Alignment and Phylogeny of the Blufensin Family 
The VectorNTI program AlignX was used to align the unigenes, ORFs, and peptides of 
the blufensin family.  As the sequences are short, visual inspection of the alignment was used 
to correct any mis-alignments.  The phylogeny was generated using software package Phylip, 
using dnapars and protpars for DNA and protein sequence, respectively.  Bootstrap support 
was performed with 1000 replications, with only support values above 90% shown. 
Promoter Analysis of Barley and Rice Blufensins 
Promoters were subjected to motif search using the Plant Cis-acting Regulatory DNA 
Elements (PLACE) database with release version of February 2007 (Higo et al., 1999).  As 
extensive barley promoter sequence is currently unavailable, rice promoter sequence was 
used to determine if predicted occurrences of motifs was similar to those observed 
biologically.  A Python script was developed to parse the promoter elements of the rice 
genome (version 5) using regular expressions to determine the occurrence of different motifs 
in both the forward and reverse strands of gene promoters using the same amount of 
sequence available for Bln1-1. 
Biolistic-Based BSMV Vector Construction 
The DNA based BSMV constructs used in this study were modified from in vitro 
transcription based BSMV clones (Scofield et al., 2005).  Full-length cDNA of BSMV α, β 
and γ subunits were amplified by using high fidelity Platinum® Taq DNA polymerase 
(Invitrogen, Carlsbad, CA), primers are listed in Table II.  The BSMV-Rev universal reverse 
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primer was used in combination with each of the specific forward primers to amplify cDNA 
of BSMV α, β and γ subunits.  PCR products were then inserted into 35S expression vector 
SMVNVEC (provided by Dr. Alan Eggenberger, Iowa State University) between StuI and 
SmaI sites.  The 3’ HDV ribozyme will self cleave to generate an authentic 3’ end BSMV 
genome RNA. 
Silencing Constructs 
Total RNA was extracted from CI 16151 (Mla6) plants 20 hai with Bgh isolate 5874 
(AVRa6) according to the method of Caldo et al. (2004).  First-strand cDNA was synthesized 
using 2 μg of total RNA, oligo d (T)20 primer and Superscript reverse transcriptase III 
(Invitrogen, Carlsbad, CA).  Subsequently, first strand cDNA was used as the template to 
amplify two independent fragments with lengths of 248bp and 162bp, respectively.  Primers 
were designed according to Bln1 EST sequence (GeneBank Accession no. is BE216690) and 
listed in Table II.  Positions of the two fragments on the EST sequence were from 28bp to 
275bp and 39bp to 200bp respectively.  Amplified PCR fragments each contained an 
introduced PacI and NotI recognition sites at the 5’ and 3’ ends, respectively and were 
inserted into the PacI and NotI site of BSMV: γ, the resulting vectors were designated as 
BSMV:Bln1248 and BSMV:Bln1162, respectively. 
Microprojectile Bombardment 
All constructs were screened in at least three independent experiments.  Biolistic 
bombardment of barley plants was carried out according to (Halterman and Wise, 2004) 
using a biolistic PDS-1000/he system (Bio-Rad, Hercules, CA, USA) with minor 
modifications.  Gold particles (Bio-Rad) were coated with plasmid BSMV:α, BSMV:β and 
BSMV:γ (or the recombinant BSMV:Bln1248 or BSMV:Bln1162) at a molar ratio 1:1:1, and 
the mixture was delivered to leaves using 900-PSI rupture disks using a Hepta adaptor 
microcarrier.  Eight 7-day-old Black Hull-less barley seedlings (susceptible to BSMV) were 
used per bombardment.  Subsequently, plants were transferred to 7.5 x 7.5 cm pots for 7-10 
days for viral replication and systemic infection.  Virus infected barley was maintained in a 
growth chamber (Percival Scientific, Perry, IA) at 24°C with 16 hours light (550/umol/m2/s) 
and 8 hours darkness at 20°C. 
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Mechanical Infection of BSMV and Powdery Mildew Inoculation  
Seven to ten days post bombardment, plants displaying a BSMV infection phenotype 
(brown streak on the first leaf and chlorotic mosaics on the second leaf) were selected.  
Leaves from the infected plant were ground with 2-5 volumes of 0.05M-phosphate buffer 
(pH 7.2) in an ice-cold mortar.  0.05g carborundum (Sigma-Aldrich, St. Louis, MO) was 
added to the buffer for optimal grinding.  Seven-day-old healthy barley seedlings were then 
infected with the appropriate recombinant virions by rubbing the first leaf with crude virus 
extract 4-6 times between thumb and index finger, with new gloves used for each construct to 
prevent contamination.  Twelve days after mechanical infection, plants displaying a BSMV 
infection phenotype (brown stripe on the first leaf) were inoculated with fresh Bgh 
conidiospores and placed in an 18°C growth chamber (16 hours light / 8 hours darkness).  
Bgh infection types were scored 7 dai. 
Staining and Microscopy 
The staining process was performed according to Hein et al. (2005) with minor 
modifications.  Leaves were fixed for 24 h on filter paper soaked with 1:1 (v/v) ethanol: 
acetic acid and for 48 h on filter paper soaked with lactoglycerol [1:1:1 (v/v) lactic acid: 
glycerol: H2O], and stained with coomassie brilliant blue R-250 stain [0.05% (w/v) 
coomassie blue in 50% methanol and 10% acetic acid].  A Zeiss Axio Imager M.1 
microscope (Zeiss, Inc., Thornwood, NY) was used for observation. 
Semiquantitative RT-PCR 
Primers for semi-quantitative RT-PCR are listed in Table II.  Third leaves from BSMV-
VIGS-treated plants that displayed a typical mosaic virus infection symptom were sampled 
for RT-PCR.  Barley total RNA was isolated using a hot (60oC) phenol/guanidine thiocyanate 
method as described previously (Caldo et al 2004) and treated with DNase I (Ambion, 
Austin, TA, USA).  Two μg RNA was transcribed into cDNA with a oligo(dT)20 primer by 
SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA).  First-strand cDNAs were 
used as templates for amplifying target gene fragments at cycling conditions of 92°C for 20 
seconds, 58°C for 20 seconds, 68°C for 15 seconds for 20, 25, 30, 35 and 40 cycles.  Actin 
was used as internal constitutive expression control for cDNA quantitative normalization.  
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The intensities of PCR generated fragments were analyzed and quantified using Gel Doc 
2000 and Quantity One Version 4.2.1 (Bio-Rad, Hercules, CA, USA). 
Bln1 Transient Overexpression 
The full length ORF of Bln1 was amplified from vector BSMV:Bln1248 by using with 
both sense  5’-TCAAAGCTTACGAGGATATGGCAAAGAACTAC-3’ and antisense 
primer 5’-AGTGATATCTTATGAGCCACCATTAGGGATCG-3’; EcoRV and HindIII 
were used to double digest the PCR product, which was inserted into the expression vector 
pUbi:Nos, which was also digested with the same enzymes.  The newly constructed vector, 
pUbi:Bln1, was co-bombarded with pUGN (Nielsen et al., 1999) into barley epidermal cells 
in three independent experiments.  A generalized linear mixed model was fit to the data from 
the three experiments.  The model assumed a binomial response for each leaf.  The logit of 
the binomial success probability (probability of hyphae formation) was modeled as a linear 
function of an overall mean, fixed construct effects, random experiment effects, and random 
effects for leaves within experiments and constructs. 
Inverse PCR  
Inverse PCR was performed according to (Meng et al., 2007) with minor modifications.  
One µg of genomic DNA sample was subjected to overnight digestion with 5 units of AflIII, 
MspI and NcoI.  The primers used are listed in Table II.  The conditions used for PCR were 
as follows: 94 °C for 2 minutes, followed by 40 cycles of 94 °C for 30 seconds, 58 °C for 30 
seconds and 72 °C for 3 minutes.  A final extension step was performed at 72 °C for 10 
minutes. 
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CHAPTER 5. GENERAL CONCLUSIONS 
General Discussion 
In this dissertation, I have described two approaches to identify the regulatory targets 
involved in ETI/R gene-mediated resistance.  The first integrated time-course analysis with 
paired wild-type and mutant alleles of Mla to identify genes quantitatively suppressed in 
loss-of-function mla.  The second approach used eQTL analysis of a population segregating 
for both an R gene and QTL controlling minor components of resistance (resistance QTL) to 
identify genes regulated by both forms of resistance.  Though the former approach allowed 
for a systematic characterization of the kinetics of gene expression in wild-type and mutant 
lines of barley, it does not permit the causal association with the R gene.  There are some 
exceptions to this, especially when effects were conserved between all three wild-type and 
mutant pairings, such as the perturbation in the timing and degree of expression.  It is clear 
that the latter approach is more powerful, as it provides causal association of the variation in 
gene expression with genetic loci.  eQTL analysis provides the opportunity to identify 
candidate genes for transcriptional regulators, while simultaneously identifying the 
downstream targets.  Though a weakness in the approach lies in the association with a region 
rather than a gene itself, this can be enhanced with the designing of recombination enhanced 
populations. 
In my fourth chapter, I described the bioinformatic and functional characterization of 
Bln1, originally identified in a microarray experiment that used incompatible (Mla-AVRa) 
versus compatible (Mla-avra) interactions using three isolines of barley and two alternative 
isolates of Bgh (Caldo et al, 2004).  A case study in translating correlated gene expression 
signatures with phenotypic consequences, Bln1 was originally hypothesized to be actively 
involved in resistance as an antimicrobial peptide, based on its structural features and 
correlation of greater expression with incompatible interactions.  Yet, overexpression and 
silencing results suggest it negatively impacts resistance, indicating that the use of a time-
course alone did not provide enough information to associate this gene correctly with its 
biological role.  That said, it is unknown how or why Bln1 is involved in suppressing 
resistance, but further characterization of its localization, interactors, and interaction with 
Bgh will answer some of these questions. 
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The work described in chapters two, three, and four describe molecular events that have 
effect directions that are counter-intuitive.  First, earlier and stronger expression was 
observed in compatible interactions of barley-Bgh.  This result is similar to a recent 
observation in the grape-powdery mildew, where resistant varieties had very few 
differentially expressed genes as compared to susceptible varieties (Fung et al., 2008).  
Second, the Q21861 allele of Adf3 that is associated with resistance mediated by Rpg-TTKSK 
is basally expressed at a lower level and is less sensitive to Pgt Ug99-inoculation, suggesting 
that this gene may be an accessibility/compatibility factor for stem rust.   Alternatively, this 
difference in expression may be trivially associated with hybridization efficiency between the 
Q21861 and SM89010 alleles.  Third, if the same functional polymorphism generates the 
trans-eQTL hotspot and adult plant QTL that enhances R gene-mediated, then this implicates 
transcriptional deactivation of genes regulated by this locus as the mechanistic basis for the 
phenotypic effect.  Lastly, Bln1 was found to negatively impact resistance, a hypothesis that 
was not initially expected, but corresponds well with the general model of expansion and 
diversification of roles for small peptides in plants (Graham et al., 2008).  Collectively, each 
result provides an example of the complexity and diversity of expression responses that play 
a role in shaping the interaction of host and pathogen.  
Future experiments will have greater power for identifying transcriptional targets 
involved in R gene-mediated resistance by the use of both time-course profiling of wild-
type/mutant genotypes and eQTL analysis of a segregating population, as this would leverage 
the strengths of both approaches.  Though eQTL analysis can causally associate regulation to 
a region, it is the support of time-course profiling of perturbed gene expression in mutant 
genotypes that provides supporting evidence of a regulatory connection.  Some caution is 
needed when selecting the time point(s) for the eQTL experiments based on a time-course 
microarray experiment.  The time-course experiment may direct attention towards a 
molecular event that is not biologically interesting due to the diversity of signal transduction 
cascades that occur during a defense response.  Additionally, the kinetics of the plant-
pathogen interaction should always be taken into account, as ultimately the molecular and 
physical events of the interaction shape the transcriptional reprogramming as a result of 
pathogen invasion. 
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Significance 
An important next step in molecular plant pathology is the identification of the 
biologically relevant events that are directly involved in resistance.  Historically it was 
known that gene expression plays an essential role in mediating ETI.  To what extent it was 
essential or the primary component of defense was less clear.  A quantitative model of gene 
expression proposed by Tao et al. (2003) used signal intensities of gene expression during a 
plant-pathogen interaction as a measure of robustness that determined its status on a 
continuum that ranged from incompatible (resistant) to compatible (susceptible).  In contrast 
to this model, I found that the interaction of barley with Bgh and Pgt is a complex biological 
event that provided counter-intuitive examples of regulation and response of gene expression.  
First, gene expression is earlier and stronger in loss-of-function (susceptible) mla lines, 
suggesting that aside from its role in activating the resistance response, MLA blocks Bgh 
effectors from activating gene expression.  Second, when MLA does activate the resistance 
response, it does so by branching out to several pathways.  This may have been selected for 
in the evolutionary struggle of host and pathogen to circumvent suppression by effectors and 
could not have been detected using traditional mutagenic approaches.  Third, expression of 
Bln1 was associated with resistance, yet it appears to negatively impact defense.  Earlier 
correlation with MLA-mediated resistance may be due to its suppression by a Bgh effector 
and would suggest the biological role of this gene may influence both host and pathogen.  
Fourth, less expression in both Adf3 and the genes controlled by a master regulator were 
associated with greater resistance to wheat stem rust.  This may mean that preventing a 
response in the plant can enhance resistance.  Whether these genes are associated with host 
accessibility or compatibility is unknown, but it is clear that suppressing expression may be 
another important route to mediating an effective defense response.  Taken together, these 
results demonstrate the inherent complexity of the transcriptional response during obligate 
fungal biotroph invasion and points to an innumerable set of resistance strategies that evade 
generalization. 
Recommendations for Future Research 
Overall, a limiting factor in the second and third chapters was the use of a microarray that 
only contains a portion of all the genes in barley (Close et al., 2004).  In future experiments, 
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the use of RNAseq is a better alternative to hybridization-based microarrays, as the sequence 
and expression level of genes can be assayed with the same technology (MacLean et al., 
2009).  Novel normalization and analysis procedures will be required, but the potential 
benefit of gaining information on the entire transcriptome is highly desirable.  These 
approaches allow for transcript profiling of both host and pathogen, which was recognized as 
a powerful measure of pathogenicity in chapter three. 
In the second chapter, I identify 28 genes that are candidates for the MLA transcriptional 
regulon.  As I used only time-course microarray data, I could not causally associate the 
presence of MLA with the regulation of these genes.  Two additional experiments can 
provide validation for this regulation.  The first would use an eQTL strategy with populations 
either segregating for two natural alleles of Mla or wild-type and mutant alleles.  Use of a 
natural population is desirable, as many already exist, and would permit the interrogation of 
data with established phenotypic and molecular resources.  I hypothesize that genes 
identified as the MLA transcriptional regulon have an eQTL at the Mla locus which should 
begin developing at 12 hours after inoculation (HAI) and may progress as late as 18 or 20 
HAI.  An alternative approach for validating the candidates for the MLA transcriptional 
regulon would be based on the hypothesis that MLA physically interacts with WRKY and 
therefore interacts indirectly with DNA.  This approach would consist of cross linking 
proteins and DNA, co-immunopercipitation of MLA/interactors/DNA complexes (Co-IP) 
(Dangl 2007), and using a high-throughput sequencing platform to identify regions of the 
genome associated with MLA and its interactors.  After the assembly of the sequences 
identified with this technique, the presence of the promoters of the MLA transcriptional 
regulon would implicate their direct targeting by MLA.  It is important that this experiment is 
performed for both inoculated and non-inoculated plants, as MLA was found to be present to 
a minor extent in the nucleus basally (Dangl 2007; Shen et al., 2007).  The power of both 
methods is that it does not depend on WRKY1/2 interaction, as MLA may have additional 
interactors involved in transcription that were not identified in the yeast two-hybrid screen 
(Shen et al., 2007).  A weakness in the molecular identification of MLA targets lies in the 
diluting effect of pooling whole leaf tissue, where only a small percent of cells are from the 
epidermis and undergoing an HR. 
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A number of future experiments can be conducted based on the results presented in the 
third chapter.  The two most significant are associated with Adf3 as the candidate gene for 
Rpg-TTKSK and genetic dissection of the regulation of the trans-eQTL hotspot/enhancer of 
Rpg-TTKSK on chromosome 2H.  A first step would be the sequencing of several cultivars 
that are incompatible and compatible to Pgt Ug99, looking for allelic conservation in the 
promoter regions of these genes (specifically Adf3) that would lead to the strong expression 
polymorphism after inoculation.  The complexity that exists at the Rpg5/rpg4/Rpg-TTKSK 
locus indicates that VIGS should be used on both actin depolymerizing factors (Adf2 and 
Adf3) to determine whether silencing of these genes leads to a broad-spectrum 
incompatibility with stem rust.  Additionally, the generation of stable transgenic lines with 
constitutive and inducible suppression/overexpression of both Adf would resolve the question 
of interdependence at this multi-R gene locus.  Dissection of the 2H.17 region requires 
additional genetic resolution for association of the transcriptional and phenotypic 
phenomena.  The generation of additional recombinants would have to consist of a screen of 
F2 that are recombinant in the 2H.17 region, self-fertilization and re-screening of fixed F3, 
with experiments performed on plants in the F4 generation.  This procedure of recombinant 
isolation and fixing of informative recombination events is essential, as the resistance 
phenotype is measured on adult plants and biological replication will be important for the 
quantitative analysis of gene expression.  Increased resolution in the 2H.17 region will also 
reduce the number of candidate genes, making VIGS feasible.  A major difficulty with all the 
experiments described above is their use of Pgt Ug99, a significant biothreat that can only be 
worked with at appropriate biosafety level facilities.  Using other races of stem rust as 
surrogates may work, but this depends on the specificity of the interaction and whether or not 
they have a pleiotropic role in defense. 
Our understanding of how Blufensin1 negatively impacts resistance is extremely limited 
and thus provokes several lines of inquiry for future experiments.  Structural analysis of the 
blufensin gene family found that two cysteines were conserved among members of the 
family.  The positions of these residues and additional sequence conservation suggests an 
evolutionary history involving the antimicrobial knottin family, although it is clear that 
blufensins have gained novel roles in defense.  Thus, it would be of interest to perform point 
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mutations on the cysteine residues, with the hypothesis that such mutations would 
compromise the suppression of defense.  This negative role also restricts the number of 
existing pathways in which Bln1 belongs.  As the N-terminal region of BLN1 is predicts for 
the secretion of the peptide and the localization of a well-known negative regulator of 
defense to powdery mildew, MLO, in the plasma membrane suggests that BLN1 may 
activate MLO to mediate its negative role.  Finally, though BLN1 was not identified in the 
analyses described in Chapter 2, the overrepresentation of W-boxes in the promoter of BLN1 
and correlated expression between natural alleles of Mla suggests that the MLA-WRKY 
complex may increase the expression of BLN1. 
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APPENDIX 
This appendix contains data tables with formatted data from Chapters 2 and 3. 
Appendix Table 1. (Chapter 2) Genes conserved between all three wild-type and mutant 
pairings that are associated with resistance and/or susceptibility at all six time points. 
Probe set UniGene Patterna Rice Locusb 
Contig21945_at 21945 +00000 LOC_Os07g41230.1 
Contig3568_at 3568 0++000 LOC_Os02g17940.6 
Contig14427_at 14427 0+0-0+ LOC_Os06g35650.1 
Contig2888_at 2888 0+00+0 LOC_Os05g09440.1 
Contig5607_s_at 5607 0+00+0 LOC_Os01g14590.1 
Contig11773_at 11773 0+0000 
Contig19921_at 19921 0+0000 LOC_Os06g13870.1 
Contig24832_at 24832 0+0000 LOC_Os01g07730.1 
HX14B03r_at 48166 0+0000 LOC_Os02g09990.1 
HVSMEm0013N06r2_at 45705 00--+- 
Contig9422_at 9422 00+0++ LOC_Os01g07870.1 
HVSMEf0001H14r2_at 42024 00+0+0 
Contig24881_s_at 24881 0-0+00 LOC_Os11g10310.1 
Contig11154_at 11154 00+-00 LOC_Os02g03410.2 
Contig26368_at 26368 00+-00 
Contig2170_at 2170 00+000 LOC_Os06g29730.1 
Contig2639_at 2639 00+000 LOC_Os05g05680.1 
Contig3744_s_at 3744 00+000 LOC_Os04g58850.1 
Contig4942_at 4942 00+000 LOC_Os02g32520.2 
Contig5537_at 5537 00+000 LOC_Os07g01560.2 
Contig5876_at 5876 00+000 LOC_Os01g08110.1 
Contig8468_at 8468 00+000 LOC_Os01g38980.2 
Contig8949_at 8949 00+000 LOC_Os03g17310.1 
Contig10615_at 10615 00+000 LOC_Os03g07400.1 
Contig10860_at 10860 00+000 LOC_Os03g58980.1 
Contig11285_at 11285 00+000 LOC_Os04g37600.1 
Contig12286_s_at 12286 00+000 LOC_Os06g35700.1 
Contig12724_at 12724 00+000 LOC_Os03g03034.2 
Contig13091_s_at 13091 00+000 LOC_Os06g50390.1 
Contig14304_at 14304 00+000 LOC_Os10g38470.1 
Contig15548_at 15548 00+000 LOC_Os05g25210.1 
Contig21659_s_at 21659 00+000 LOC_Os11g37700.1 
Contig24439_at 24439 00+000 LOC_Os02g43430.1 
EBem10_SQ002_I10_s_at 29452 00+000 LOC_Os01g59660.2 
HF22G17r_at 34443 00+000 
HV_CEa0009C05r2_s_at 39626 00+000 LOC_Os01g48360.2 
HV_CEb0004O15r2_s_at 39931 00+000 LOC_Os10g38470.1 
HVSMEb0007D15r2_at 41025 00+000 LOC_Os06g45570.1 
Contig20750_at 20750 000-++ LOC_Os03g47060.1 
Contig2115_at 2115 000+00 LOC_Os07g48010.1 
Contig4904_at 4904 000+00 LOC_Os01g11810.2 
Contig9382_at 9382 000+00 LOC_Os02g33380.1 
Contig11777_at 11777 000+00 LOC_Os03g29850.1 
Contig11969_at 11969 000+00 LOC_Os10g36848.1 
Contig12075_at 12075 000+00 LOC_Os07g41460.1 
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Contig12088_at 12088 000+00 LOC_Os06g43620.1 
Contig18793_at 18793 000+00 LOC_Os11g10800.1 
Contig24327_at 24327 000+00 LOC_Os03g19120.1 
HT06F11u_s_at 37511 000+00 LOC_Os02g02400.1 
HV11N12u_x_at 39245 000+00 
Contig9042_x_at 9042 000--0 
Contig7933_at 7933 0-000+ LOC_Os03g04110.1 
Contig1737_at 1737 000-0+ LOC_Os03g49380.1 
Contig6967_at 6967 000-0+ LOC_Os11g47820.1 
Contig10585_at 10585 000-0+ LOC_Os06g12250.1 
Contig14426_at 14426 000-0+ LOC_Os09g25150.3 
Contig16910_at 16910 000-0+ LOC_Os04g05980.1 
HVSMEm0005J13r2_at 45474 000-0+ LOC_Os06g07200.1 
Contig3564_s_at 3564 0000++ LOC_Os02g17940.6 
Contig2329_x_at 2329 0000+0 LOC_Os06g11210.1 
Contig3289_at 3289 0000+0 LOC_Os01g08860.1 
Contig5605_at 5605 0000+0 LOC_Os01g14590.1 
Contig6013_at 6013 0000+0 LOC_Os02g48870.1 
Contig6773_at 6773 0000+0 LOC_Os03g18910.1 
Contig12026_at 12026 0000+0 LOC_Os02g24080.5 
Contig20782_at 20782 0000+0 LOC_Os10g04730.1 
HI04C09u_at 34589 0000+0 
HM02O03r_s_at 35180 0000+0 LOC_Os01g38510.1 
HVSMEb0011I17r2_s_at 41186 0000+0 LOC_Os10g25230.1 
HVSMEa0006I22r2_s_at 40444 -00000 LOC_Os11g26570.1 
Contig1324_at 1324 0-0000 LOC_Os12g41110.1 
Contig1636_at 1636 0-0000 LOC_Os01g51570.1 
Contig168_at 168 000-00 LOC_Os11g13890.6 
Contig631_at 631 000-00 LOC_Os06g04620.1 
Contig2021_at 2021 000-00 LOC_Os05g36260.1 
Contig2148_at 2148 000-00 LOC_Os03g55070.2 
Contig2169_at 2169 000-00 LOC_Os03g02514.2 
Contig2411_at 2411 000-00 LOC_Os07g36080.3 
Contig3054_s_at 3054 000-00 LOC_Os09g25760.1 
Contig3058_at 3058 000-00 LOC_Os10g30450.1 
Contig4329_at 4329 000-00 LOC_Os05g07650.1 
Contig4346_at 4346 000-00 LOC_Os02g09490.1 
Contig4491_s_at 4491 000-00 LOC_Os10g43060.1 
Contig4689_at 4689 000-00 LOC_Os02g22650.2 
Contig4899_s_at 4899 000-00 LOC_Os06g46950.1 
Contig4986_at 4986 000-00 LOC_Os03g32314.1 
Contig4988_at 4988 000-00 LOC_Os02g47510.1 
Contig5337_at 5337 000-00 LOC_Os08g37874.1 
Contig5484_at 5484 000-00 LOC_Os06g24730.1 
Contig5494_at 5494 000-00 LOC_Os04g55720.2 
Contig6174_at 6174 000-00 LOC_Os07g41280.3 
Contig6208_at 6208 000-00 LOC_Os03g01820.1 
Contig6322_at 6322 000-00 LOC_Os07g39280.1 
Contig6701_s_at 6701 000-00 
Contig6995_at 6995 000-00 LOC_Os06g45110.1 
Contig8122_at 8122 000-00 LOC_Os01g42410.1 
Contig8308_at 8308 000-00 LOC_Os02g17150.1 
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Contig8605_s_at 8605 000-00 LOC_Os07g17330.1 
Contig9042_s_at 9042 000-00 LOC_Os08g14450.1 
Contig9352_at 9352 000-00 LOC_Os01g02920.1 
Contig9431_at 9431 000-00 LOC_Os06g41770.1 
Contig9702_at 9702 000-00 LOC_Os09g27050.1 
Contig11768_at 11768 000-00 LOC_Os01g52530.1 
Contig12237_at 12237 000-00 LOC_Os05g40010.1 
Contig12296_at 12296 000-00 LOC_Os05g09500.1 
Contig12333_at 12333 000-00 LOC_Os12g38730.2 
Contig12751_at 12751 000-00 LOC_Os01g72690.2 
Contig13530_at 13530 000-00 LOC_Os01g17390.1 
Contig13898_at 13898 000-00 LOC_Os09g32040.1 
Contig13905_at 13905 000-00 LOC_Os03g62180.3 
Contig13931_at 13931 000-00 LOC_Os03g15790.1 
Contig14077_at 14077 000-00 LOC_Os01g45110.1 
Contig15038_at 15038 000-00 LOC_Os04g32590.1 
Contig15197_at 15197 000-00 LOC_Os12g05420.1 
Contig15278_at 15278 000-00 
Contig15476_at 15476 000-00 LOC_Os07g35390.1 
Contig15590_at 15590 000-00 
Contig15704_at 15704 000-00 LOC_Os03g19040.1 
Contig15798_at 15798 000-00 
Contig16154_at 16154 000-00 LOC_Os03g52640.2 
Contig17563_at 17563 000-00 LOC_Os03g15080.1 
Contig18368_at 18368 000-00 LOC_Os04g55420.1 
Contig18459_at 18459 000-00 LOC_Os10g03570.1 
Contig18758_at 18758 000-00 LOC_Os03g37840.1 
Contig18906_at 18906 000-00 LOC_Os07g35660.1 
Contig19029_at 19029 000-00 LOC_Os02g14430.1 
Contig19227_at 19227 000-00 LOC_Os12g42570.1 
Contig19683_at 19683 000-00 LOC_Os04g52840.1 
Contig19871_at 19871 000-00 LOC_Os01g70130.1 
Contig20090_at 20090 000-00 LOC_Os03g37260.1 
Contig20239_at 20239 000-00 LOC_Os07g42740.1 
Contig20663_at 20663 000-00 LOC_Os05g06710.1 
Contig20673_at 20673 000-00 LOC_Os10g33920.3 
Contig21002_at 21002 000-00 LOC_Os01g13480.1 
Contig21858_at 21858 000-00 
Contig22222_at 22222 000-00 LOC_Os04g59610.2 
Contig22370_at 22370 000-00 LOC_Os03g57310.1 
Contig22948_at 22948 000-00 LOC_Os02g12870.5 
Contig24733_at 24733 000-00 
Contig24772_at 24772 000-00 
Contig24922_at 24922 000-00 LOC_Os10g34170.1 
Contig25202_at 25202 000-00 LOC_Os12g39240.1 
Contig25401_s_at 25401 000-00 LOC_Os01g65800.1 
EBes01_SQ003_P22_x_at 29578 000-00 LOC_Os03g25350.1 
EBpi01_SQ001_G04_at 29878 000-00 
EBro01_SQ004_M15_at 30277 000-00 LOC_Os05g25920.1 
EBro03_SQ007_M15_s_at 30738 000-00 LOC_Os02g02120.1 
HK03F11r_at 34963 000-00 LOC_Os03g08250.1 
HR01A09u_at 36645 000-00 
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HS04C17u_at 36735 000-00 LOC_Os02g36450.2 
HS05F12u_s_at 36779 000-00 LOC_Os05g39990.1 
HT05J08u_at 37468 000-00 LOC_Os10g01100.1 
HV_CEb0007D16r2_at 39974 000-00 LOC_Os03g56470.1 
HV_CEb0017D17f_at 40174 000-00 LOC_Os01g11650.1 
HVSMEf0006A19r2_at 42189 000-00 LOC_Os06g20200.1 
HVSMEl0013E16r2_s_at 45066 000-00 LOC_Os02g52560.1 
HVSMEm0004N07r2_s_at 45458 000-00 
HVSMEm0019J23r2_at 45893 000-00 
HW02N10u_at 47328 000-00 LOC_Os02g57930.1 
HW06H18u_s_at 47546 000-00 LOC_Os05g04520.1 
rbaal20n01_s_at 49698 000-00 LOC_Os01g32660.1 
Contig2768_s_at 2768 0000-0 LOC_Os08g35760.1 
Contig9737_s_at 9737 0000-0 LOC_Os06g50330.1 
Contig11708_at 11708 0000-0 LOC_Os02g47470.3 
Contig11811_at 11811 0000-0 LOC_Os08g04350.1 
Contig13673_at 13673 0000-0 LOC_Os12g31000.1 
Contig19393_at 19393 0000-0 LOC_Os09g36930.1 
Contig25640_at 25640 0000-0 LOC_Os06g24404.1 
HVSMEi0019L06r2_at 44144 0000-0 LOC_Os12g36680.1 
Contig4174_at 4174 00000- LOC_Os05g33130.1 
Contig5378_at 5378 00000- LOC_Os09g12600.1 
Contig25983_at 25983 00000- 
HO09D16S_at 36134 00000- 
HO10J02S_at 36228 00000- 
HVSMEl0002L06r2_at 44740 00000- LOC_Os03g03670.1 
HVSMEl0014B21r2_at 45091 00000- LOC_Os03g57640.1 
Contig406_at 406 00000+ LOC_Os08g38900.1 
Contig406_s_at 406 00000+ LOC_Os08g38900.1 
Contig3563_at 3563 00000+ LOC_Os02g17940.6 
Contig4676_at 4676 00000+ LOC_Os02g08100.1 
Contig4833_at 4833 00000+ LOC_Os03g42110.1 
Contig5942_at 5942 00000+ LOC_Os04g44870.1 
Contig5988_at 5988 00000+ LOC_Os03g25960.1 
Contig6380_at 6380 00000+ LOC_Os11g08100.1 
Contig6539_s_at 6539 00000+ LOC_Os02g33110.1 
Contig7032_at 7032 00000+ LOC_Os04g54810.1 
Contig7663_at 7663 00000+ LOC_Os12g01370.1 
Contig8900_at 8900 00000+ LOC_Os09g32550.2 
Contig9086_at 9086 00000+ LOC_Os01g70380.1 
Contig10150_at 10150 00000+ LOC_Os06g02040.1 
Contig10151_s_at 10151 00000+ LOC_Os06g02040.1 
Contig10205_at 10205 00000+ LOC_Os04g50710.1 
Contig10709_at 10709 00000+ LOC_Os06g03580.2 
Contig10822_at 10822 00000+ LOC_Os03g45400.1 
Contig10887_at 10887 00000+ LOC_Os04g11820.1 
Contig11163_at 11163 00000+ LOC_Os10g42620.1 
Contig11917_at 11917 00000+ LOC_Os01g10810.1 
Contig12100_at 12100 00000+ LOC_Os03g16470.3 
Contig12360_at 12360 00000+ LOC_Os02g46962.3 
Contig12469_at 12469 00000+ LOC_Os03g08940.1 
Contig12590_at 12590 00000+ LOC_Os01g72530.1 
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Contig12629_s_at 12629 00000+ LOC_Os01g49529.3 
Contig12640_at 12640 00000+ LOC_Os01g69120.1 
Contig12794_at 12794 00000+ LOC_Os03g31679.1 
Contig13144_at 13144 00000+ LOC_Os11g05880.1 
Contig13615_at 13615 00000+ LOC_Os02g07690.1 
Contig14032_at 14032 00000+ LOC_Os12g06180.1 
Contig14570_at 14570 00000+ LOC_Os10g33250.2 
Contig14611_at 14611 00000+ LOC_Os12g37710.1 
Contig14625_at 14625 00000+ LOC_Os05g38940.1 
Contig14713_at 14713 00000+ LOC_Os01g15029.1 
Contig15493_at 15493 00000+ LOC_Os06g14490.2 
Contig15701_at 15701 00000+ LOC_Os03g59070.1 
Contig15715_at 15715 00000+ LOC_Os02g54360.1 
Contig15880_at 15880 00000+ LOC_Os12g09000.2 
Contig16570_at 16570 00000+ LOC_Os02g35230.1 
Contig16710_at 16710 00000+ LOC_Os07g18230.1 
Contig17964_at 17964 00000+ LOC_Os03g18560.1 
Contig18290_at 18290 00000+ 
Contig18909_at 18909 00000+ LOC_Os03g07120.1 
Contig20294_at 20294 00000+ LOC_Os09g15330.2 
Contig21643_at 21643 00000+ LOC_Os03g04570.1 
Contig24409_at 24409 00000+ LOC_Os06g15760.1 
Contig25506_at 25506 00000+ 
EBro02_SQ004_C14_at 30414 00000+ LOC_Os03g13740.1 
HF01F13w_s_at 33960 00000+ LOC_Os01g65780.2 
HF06A04r_at 34067 00000+ 
HVSMEb0011L02r2_s_at 41192 00000+ LOC_Os08g39490.3 
HVSMEf0019O11r2_at 42715 00000+ LOC_Os11g04300.1 
HY03H15u_s_at 48271 00000+ LOC_Os05g07680.2 
S0000700018E12F1_s_at 51485 00000+ LOC_Os11g07440.1 
aPatterns reflect the conservation in either quantitative induction (‘+‘) or 
suppression (‘-’) between all three wild-type versus mutant pairings.  
Thus, genes associated with incompatibility are ‘+’ and those associated 
with compatibility are ‘-‘.  The first through sixth positions correspond 
to time points 0, 8, 16, 20, 24, 32 hours after inoculation.  Table 1 in 
Chapter 2 could be derived from this table by identifying the ‘+’ at the 
third position. 
bRice loci were identified as the best hit determined by HarvEST. 
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Appendix Table 2. (Chapter 3) Genes identified with an inoculation-specific eQTL at the 
Rpg-TTKSK locus 
  INOC vs MOCK   Parameter estimates for 5H eQTL in INOC 
Barley1 Probe Set log(FC) p-value   LOD r2 a Allele Chr Bin cM 
bags19i05_at -0.02 8.90E-01 3.64 0.14 -0.37 SM 5 49 146.78 
Contig10186_at -0.02 5.68E-01 3.84 0.15 -0.06 SM 5 48 145.43 
Contig10253_at -0.02 6.04E-01  4.25 0.16 0.10 Q 5 49 146.78 
Contig10358_at 0.00 9.68E-01 3.63 0.04 -0.04 SM 5 48 145.43 
Contig10409_s_at 0.35 3.59E-07 3.68 0.15 0.15 Q 5 50 148.12 
Contig10848_at 0.05 1.66E-03 3.26 0.13 -0.03 SM 5 50 148.12 
Contig11258_at -0.02 7.18E-01 5.96 0.17 0.13 Q 5 48 145.43 
Contig1138_at 0.22 2.70E-02 5.02 0.18 -0.23 SM 5 49 146.78 
Contig11530_at 0.01 8.02E-01 4.46 0.15 0.07 Q 5 50 148.12 
Contig11960_at -0.12 1.80E-01 4.07 0.10 0.28 Q 5 48 145.43 
Contig12872_at -0.11 1.06E-03 3.17 0.13 0.07 Q 5 48 145.43 
Contig12900_at 0.36 1.87E-12 3.46 0.14 0.11 Q 5 48 145.43 
Contig13623_at -0.07 6.42E-01 3.52 0.17 0.49 Q 5 50 152.12 
Contig13680_s_at -0.05 7.05E-01 3.31 0.07 0.27 Q 5 48 145.43 
Contig14114_at 1.55 1.42E-21 8.49 0.32 0.41 Q 5 50 148.12 
Contig1480_s_at 0.01 7.66E-01 3.52 0.15 -0.06 SM 5 48 145.43 
Contig15040_at -0.23 8.14E-15 3.39 0.14 -0.07 SM 5 48 145.43 
Contig15087_at -0.04 6.90E-02 3.47 0.13 -0.05 SM 5 50 148.12 
Contig15100_at -0.05 5.43E-01 4.69 0.23 -0.27 SM 5 50 148.12 
Contig16563_at -0.13 2.16E-01 4.91 0.19 0.30 Q 5 48 145.43 
Contig17156_at -0.02 5.39E-01 3.23 0.16 0.08 Q 5 50 150.12 
Contig17452_at 0.22 5.55E-01 4.67 0.02 0.51 Q 5 50 152.12 
Contig17634_at -0.18 7.09E-05 5.05 0.20 0.13 Q 5 48 145.43 
Contig17882_at -0.08 7.23E-01 3.98 0.04 0.29 Q 5 48 145.43 
Contig18125_at -0.30 1.66E-19 5.12 0.20 -0.09 SM 5 49 146.78 
Contig18909_at 0.24 6.83E-02 3.41 0.14 0.47 Q 5 48 145.43 
Contig19484_at 0.12 6.36E-05 4.28 0.09 -0.05 SM 5 50 148.12 
Contig21836_at 0.07 3.84E-01 3.17 0.13 0.17 Q 5 49 146.78 
Contig24207_at -0.03 1.52E-01 3.23 0.11 -0.05 SM 5 49 146.78 
Contig24497_at 0.00 9.97E-01 3.44 0.15 0.39 Q 5 49 146.78 
Contig2450_at -0.12 2.59E-01 4.12 0.18 0.30 Q 5 50 150.12 
Contig2846_at -0.01 6.34E-01 3.50 0.14 -0.07 SM 5 48 145.43 
Contig3418_at -0.02 2.86E-01 3.73 0.14 -0.04 SM 5 50 148.12 
Contig3841_at 0.49 4.54E-26 5.19 0.18 0.08 Q 5 48 145.43 
Contig3841_x_at 0.42 6.82E-30 6.31 0.21 0.08 Q 5 48 145.43 
Contig4363_s_at -0.04 2.03E-01 6.99 0.25 -0.09 SM 5 48 145.43 
Contig5122_at -0.05 5.31E-02 3.49 0.12 -0.05 SM 5 49 146.78 
Contig5146_at 0.29 3.71E-12 3.49 0.13 -0.13 SM 5 48 145.43 
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Contig699_at 0.06 5.14E-01 5.05 0.21 0.22 Q 5 49 146.78 
Contig724_at -0.05 6.40E-01 3.61 0.18 0.27 Q 5 50 152.12 
Contig7594_at -0.05 2.48E-02 4.91 0.19 -0.06 SM 5 48 145.43 
Contig8118_at -0.40 1.27E-02 8.35 0.35 0.61 Q 5 49 146.78 
Contig8227_at 0.11 8.32E-05 3.18 0.14 -0.06 SM 5 48 145.43 
Contig8925_at -0.05 3.05E-01 3.86 0.04 0.07 Q 5 50 148.12 
Contig9229_at -0.02 7.56E-01 3.77 0.12 0.19 Q 5 50 148.12 
EBem09_SQ002_P17_s_at 0.06 1.05E-01 4.09 0.16 0.11 Q 5 49 146.78 
HA22G05r_at -0.12 4.13E-01 5.23 0.23 -0.45 SM 5 50 148.12 
HB08E19r_x_at -0.03 8.42E-01 3.29 0.13 0.38 Q 5 50 148.12 
HB14P07r_at -0.13 3.26E-01 4.46 0.19 -0.39 SM 5 49 146.78 
HF12O13r_x_at 0.03 4.92E-01 3.63 0.14 0.09 Q 5 49 146.78 
HF23D07r_at 0.14 3.18E-01 4.71 0.20 0.48 Q 5 50 152.12 
HK06N02r_s_at -0.64 7.16E-06 4.05 0.14 0.37 Q 5 49 146.78 
HM01F10w_at 0.03 8.29E-01 4.44 0.17 0.40 Q 5 50 148.12 
HM10K10r_at 0.06 5.89E-01 3.43 0.16 -0.28 SM 5 50 148.12 
HO06I09S_at 0.30 1.20E-01 3.91 0.04 0.25 Q 5 50 148.12 
HS18A22u_at -0.20 9.46E-03 4.40 0.18 0.25 Q 5 48 145.43 
HU02P09u_at -0.17 2.22E-01 3.46 0.14 0.35 Q 5 50 148.12 
HU08D12u_at -0.24 1.45E-07 3.59 0.13 0.10 Q 5 49 146.78 
HU14O16u_s_at -0.11 5.83E-08 3.98 0.15 -0.05 SM 5 48 145.43 
HV_CEa0014M04r2_x_at 0.18 2.82E-06 5.82 0.21 0.10 Q 5 50 148.12 
HV_CEa0018J18f_s_at -0.23 7.98E-10 4.15 0.15 0.09 Q 5 48 145.43 
HV05C06u_x_at -0.12 3.05E-01 3.46 0.14 0.44 Q 5 48 145.43 
HVSMEf0019K16r2_at -0.11 3.10E-01 4.75 0.20 0.50 Q 5 48 145.43 
HVSMEh0093D14f_at -0.13 7.46E-02 3.48 0.16 0.18 Q 5 48 145.43 
HVSMEi0003I03r2_at -0.21 1.81E-01 6.14 0.28 0.63 Q 5 50 152.12 
HVSMEm0022I23r2_at 0.06 6.39E-01 4.01 0.11 0.27 Q 5 49 146.78 
rbaal21f05_s_at 0.23 8.00E-02 3.75 0.13 -0.34 SM 5 49 146.78 
rbaal31o06_s_at 0.12 1.39E-06   7.82 0.30 -0.07 SM 5 48 145.43 
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Appendix Table 3. (Chapter 3). Genes identified with eQTL in INOC and MOCK at the 
Rpg-TTKSK locus, with eQTL data for MOCK shown. 
  INOC vs MOCK   Parameter estimates for 5H eQTL in MOCK 
Barley1 Probe Set log(FC) p-value   LOD r2 a Allele Chr Bin cM 
Contig10630_at -0.01 6.80E-01 8.52 0.28 0.12 Q 5 50 148.12 
Contig11039_at -0.05 2.25E-01 11.84 0.44 -0.16 SM 5 48 145.43 
Contig11179_at 0.09 2.26E-01 29.49 0.82 -0.40 SM 5 50 150.12 
Contig13447_s_at -0.19 3.41E-07 8.93 0.31 0.11 Q 5 50 152.12 
Contig14198_at -0.11 7.19E-02 26.24 0.64 0.27 Q 5 50 148.12 
Contig14291_at -0.13 3.23E-03 7.75 0.26 0.14 Q 5 49 146.78 
Contig17228_at -0.07 1.03E-02 7.98 0.28 -0.09 SM 5 49 146.78 
Contig18288_at 0.02 8.12E-01 19.38 0.65 -0.42 SM 5 50 150.12 
Contig18288_s_at -0.01 9.15E-01 16.46 0.56 -0.29 SM 5 49 146.78 
Contig18500_at -0.08 1.45E-01 13.30 0.47 0.22 Q 5 46 141.41 
Contig21310_at 0.08 1.02E-01 11.41 0.48 0.22 Q 5 50 148.12 
Contig22083_at 0.00 9.36E-01 13.02 0.41 -0.23 SM 5 50 150.12 
Contig22744_at 0.33 2.70E-03 12.48 0.49 -0.53 SM 5 46 143.41 
Contig23768_at 0.04 6.70E-01 18.61 0.67 -0.48 SM 5 52 155.01 
Contig26116_at 0.21 3.25E-03 6.10 0.24 -0.24 SM 5 46 141.41 
Contig26172_at 0.15 1.93E-01 5.83 0.29 -0.51 SM 5 50 150.12 
Contig26580_at 0.01 8.41E-01 15.26 0.50 0.35 Q 5 49 146.78 
Contig3335_at -0.06 5.16E-02 5.75 0.20 -0.08 SM 5 51 153.62 
Contig3502_at 0.06 1.31E-01 11.65 0.38 0.18 Q 5 48 145.43 
Contig4389_at 0.29 9.23E-02 4.00 0.17 -0.51 SM 5 49 146.78 
Contig4391_at 0.23 3.59E-01 16.43 0.52 1.22 Q 5 50 150.12 
Contig4805_at 0.21 8.91E-12 6.30 0.20 -0.08 SM 5 45 137.34 
Contig514_s_at -0.23 7.22E-04 9.37 0.34 -0.26 SM 5 47 144.08 
Contig6668_s_at -0.01 8.52E-01 31.73 0.74 0.34 Q 5 49 146.78 
Contig699_s_at -0.02 6.42E-01 20.30 0.54 0.23 Q 5 50 150.12 
Contig7092_s_at 0.77 6.77E-03 29.14 0.77 -1.48 SM 5 49 146.78 
Contig7093_at 0.45 4.61E-04 3.26 0.13 -0.18 SM 5 47 144.08 
Contig7641_at -0.15 2.63E-03 8.21 0.30 0.21 Q 5 47 144.08 
Contig8575_at -0.35 1.87E-01 20.49 0.61 1.36 Q 5 49 146.78 
Contig9278_at 0.06 5.05E-01 12.31 0.41 0.37 Q 5 50 148.12 
Contig9278_s_at 0.04 6.28E-01 8.14 0.20 0.33 Q 5 50 150.12 
HC112E03_T3_s_at 0.08 3.83E-01 26.61 0.74 -0.48 SM 5 50 150.12 
HV10D05u_x_at -0.16 7.91E-02 14.30 0.55 -0.38 SM 5 48 145.43 
HV14K24u_at -0.10 7.23E-03 14.07 0.52 -0.17 SM 5 50 148.12 
HVSMEf0011L03r2_s_at 0.06 5.50E-01 7.39 0.30 -0.36 SM 5 46 141.41 
HVSMEg0006G02r2_s_at 0.06 9.87E-02 10.59 0.35 -0.14 SM 5 50 148.12 
HVSMEm0005P18r2_at -0.05 2.63E-01 10.64 0.29 -0.14 SM 5 48 145.43 
HZ58F11r_at -0.14 2.49E-01 14.14 0.45 0.50 Q 5 48 145.43 
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rbags18k24_x_at -0.35 1.12E-03 10.45 0.34 0.38 Q 5 46 143.41 
rbah27g12_s_at -0.25 1.09E-01   16.83 0.59 -0.75 SM 5 48 145.43 
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Appendix Table 4. (Chapter 3). Genes identified with eQTL in INOC and MOCK at the 
Rpg-TTKSK locus, with eQTL data for INOC shown. 
  INOC vs MOCK   Parameter estimates for 5H eQTL in INOC 
Barley1 Probe Set log(FC) p-value   LOD r2 a Allele Chr Bin cM 
Contig10630_at -0.01 6.80E-01 8.70 0.35 0.14 Q 5 50 148.12 
Contig11039_at -0.05 2.25E-01 19.72 0.60 -0.21 SM 5 48 145.43 
Contig11179_at 0.09 2.26E-01 29.62 0.77 -0.46 SM 5 50 150.12 
Contig13447_s_at -0.19 3.41E-07 4.82 0.21 0.11 Q 5 50 150.12 
Contig14198_at -0.11 7.19E-02 30.05 0.78 0.34 Q 5 50 150.12 
Contig14291_at -0.13 3.23E-03 5.39 0.23 0.14 Q 5 49 146.78 
Contig17228_at -0.07 1.03E-02 6.01 0.25 -0.08 SM 5 50 150.12 
Contig18288_at 0.02 8.12E-01 20.37 0.65 -0.43 SM 5 49 146.78 
Contig18288_s_at -0.01 9.15E-01 18.20 0.58 -0.25 SM 5 49 146.78 
Contig18500_at -0.08 1.45E-01 10.90 0.38 0.19 Q 5 50 150.12 
Contig21310_at 0.08 1.02E-01 5.30 0.20 0.17 Q 5 50 148.12 
Contig22083_at 0.00 9.36E-01 12.12 0.43 -0.22 SM 5 50 152.12 
Contig22744_at 0.33 2.70E-03 18.77 0.61 -0.47 SM 5 48 145.43 
Contig23768_at 0.04 6.70E-01 24.97 0.68 -0.43 SM 5 50 150.12 
Contig26116_at 0.21 3.25E-03 8.90 0.34 -0.22 SM 5 48 145.43 
Contig26172_at 0.15 1.93E-01 9.69 0.30 -0.40 SM 5 50 150.12 
Contig26580_at 0.01 8.41E-01 20.90 0.67 0.37 Q 5 50 152.12 
Contig3335_at -0.06 5.16E-02 3.96 0.13 -0.07 SM 5 50 150.12 
Contig3502_at 0.06 1.31E-01 10.47 0.41 0.18 Q 5 49 146.78 
Contig4389_at 0.29 9.23E-02 15.80 0.56 -0.83 SM 5 49 146.78 
Contig4391_at 0.23 3.59E-01 26.17 0.75 1.29 Q 5 50 150.12 
Contig4805_at 0.21 8.91E-12 6.85 0.24 -0.09 SM 5 48 145.43 
Contig514_s_at -0.23 7.22E-04 6.86 0.23 -0.18 SM 5 48 145.43 
Contig6668_s_at -0.01 8.52E-01 28.87 0.77 0.32 Q 5 49 146.78 
Contig699_s_at -0.02 6.42E-01 16.39 0.41 0.20 Q 5 50 150.12 
Contig7092_s_at 0.77 6.77E-03 33.60 0.80 -1.73 SM 5 50 150.12 
Contig7093_at 0.45 4.61E-04 20.44 0.68 -0.92 SM 5 50 150.12 
Contig7641_at -0.15 2.63E-03 4.32 0.19 0.11 Q 5 48 145.43 
Contig8575_at -0.35 1.87E-01 23.62 0.66 1.36 Q 5 50 150.12 
Contig9278_at 0.06 5.05E-01 10.32 0.40 0.38 Q 5 50 148.12 
Contig9278_s_at 0.04 6.28E-01 15.51 0.42 0.35 Q 5 50 148.12 
HC112E03_T3_s_at 0.08 3.83E-01 33.13 0.78 -0.48 SM 5 50 150.12 
HV10D05u_x_at -0.16 7.91E-02 14.27 0.58 -0.46 SM 5 49 146.78 
HV14K24u_at -0.10 7.23E-03 13.54 0.54 -0.17 SM 5 49 146.78 
HVSMEf0011L03r2_s_at 0.06 5.50E-01 9.10 0.33 -0.35 SM 5 48 145.43 
HVSMEg0006G02r2_s_at 0.06 9.87E-02 11.99 0.36 -0.11 SM 5 50 150.12 
HVSMEm0005P18r2_at -0.05 2.63E-01 12.99 0.46 -0.19 SM 5 48 145.43 
HZ58F11r_at -0.14 2.49E-01 18.18 0.47 0.50 Q 5 48 145.43 
 
136 
rbags18k24_x_at -0.35 1.12E-03 6.74 0.25 0.33 Q 5 48 145.43 
rbah27g12_s_at -0.25 1.09E-01   15.31 0.55 -0.73 SM 5 48 145.43 
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Appendix Table 5. (Chapter 3). Genes identified with an inoculation-specific eQTL at the 
2H trans-eQTL hotspot. 
  INOC vs MOCK   Parameter estimates for 2H eQTL in INOC 
Barley1 Probe Set log(FC) p-value   LOD r2 a Allele Chr Bin cM 
bags4j01_at 0.03 8.49E-01 3.70 0.14 0.35 Q 2 15 41.52 
Contig10045_at -0.21 7.70E-08 5.79 0.22 -0.12 SM 2 19 56.39 
Contig10118_at 0.04 1.53E-01 3.93 0.14 0.06 Q 2 19 56.39 
Contig10275_s_at 0.26 2.45E-17 4.24 0.18 0.09 Q 2 17 49.61 
Contig10295_at -0.24 2.30E-09 3.33 0.15 -0.09 SM 2 18 55.04 
Contig10307_at 0.18 1.28E-07 4.06 0.19 0.11 Q 2 16 48.19 
Contig10341_at 0.24 4.02E-13 4.43 0.17 -0.08 SM 2 19 56.39 
Contig104_x_at -0.08 8.11E-02 3.78 0.08 -0.10 SM 2 15 41.52 
Contig10413_at 0.00 9.62E-01 3.53 0.14 0.05 Q 2 17 49.61 
Contig10437_at 0.35 2.78E-12 4.69 0.17 -0.13 SM 2 16 44.19 
Contig10449_at 0.15 4.76E-06 4.39 0.17 0.08 Q 2 15 43.52 
Contig10491_at -0.07 7.78E-03 3.55 0.15 0.07 Q 2 17 51.61 
Contig10492_at 0.25 8.19E-17 5.13 0.21 0.08 Q 2 18 55.04 
Contig10503_at -0.01 4.80E-01 4.54 0.18 0.05 Q 2 17 53.61 
Contig1056_s_at -0.29 7.97E-19 4.73 0.21 0.09 Q 2 17 51.61 
Contig10628_at -0.21 3.93E-04 3.92 0.18 -0.16 SM 2 16 46.19 
Contig10642_at -0.04 3.96E-01 5.86 0.26 -0.21 SM 2 18 55.04 
Contig10717_at 0.11 3.68E-01 3.48 0.08 0.24 Q 2 17 49.61 
Contig10721_at 0.08 1.91E-02 3.82 0.16 0.10 Q 2 16 48.19 
Contig10775_at 0.09 3.89E-03 5.54 0.23 0.09 Q 2 17 51.61 
Contig10779_at -0.96 2.33E-15 4.25 0.17 -0.31 SM 2 19 56.39 
Contig10822_at -0.44 2.52E-08 5.41 0.23 -0.25 SM 2 16 44.19 
Contig10860_at 1.27 1.92E-41 5.10 0.20 0.17 Q 2 17 49.61 
Contig110_at -0.22 1.47E-03 8.02 0.29 -0.20 SM 2 19 56.39 
Contig11056_at -0.19 3.82E-08 4.82 0.16 -0.07 SM 2 16 44.19 
Contig11063_at 0.06 9.17E-02 9.29 0.34 -0.12 SM 2 17 49.61 
Contig11090_at 0.15 1.78E-02 7.38 0.21 0.18 Q 2 17 49.61 
Contig11097_at 0.17 2.85E-04 8.20 0.32 0.18 Q 2 19 56.39 
Contig11103_at 0.11 3.35E-02 7.63 0.29 0.17 Q 2 17 49.61 
Contig1114_x_at -0.25 9.18E-12 4.81 0.20 0.11 Q 2 18 55.04 
Contig1117_x_at -0.29 3.51E-20 5.43 0.23 0.08 Q 2 19 56.39 
Contig11176_at -0.11 1.65E-03 5.65 0.23 0.12 Q 2 19 56.39 
Contig11191_at -0.03 6.23E-01 4.50 0.06 0.13 Q 2 17 49.61 
Contig11224_at 0.21 9.03E-12 3.81 0.15 -0.08 SM 2 17 49.61 
Contig11295_at -0.26 3.61E-06 4.70 0.13 -0.13 SM 2 19 56.39 
Contig11318_at 0.07 8.78E-02 5.70 0.20 -0.12 SM 2 17 49.61 
Contig11378_at 0.54 2.81E-07 4.17 0.15 0.18 Q 2 16 44.19 
Contig11436_at 0.02 6.15E-01 4.69 0.17 0.10 Q 2 17 49.61 
Contig11560_at -0.07 4.85E-02 3.36 0.15 0.07 Q 2 17 49.61 
Contig11691_at -0.06 8.21E-02 4.11 0.17 0.08 Q 2 16 48.19 
Contig11698_at 0.17 2.47E-06 3.50 0.17 0.10 Q 2 17 51.61 
Contig11836_at 0.18 4.14E-06 3.36 0.13 0.08 Q 2 16 44.19 
Contig11861_at 0.07 2.26E-01 9.15 0.33 -0.22 SM 2 16 44.19 
Contig1188_s_at 0.09 4.79E-01 4.96 0.21 0.36 Q 2 16 44.19 
Contig1189_at 0.09 1.07E-05 3.72 0.13 0.04 Q 2 19 56.39 
Contig1192_s_at -0.05 4.59E-01 4.30 0.17 -0.18 SM 2 18 55.04 
Contig1198_at -0.22 4.71E-03 3.48 0.13 -0.17 SM 2 16 44.19 
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Contig11985_at 0.27 9.54E-03 3.50 0.12 -0.21 SM 2 16 44.19 
Contig12053_at 0.08 4.22E-03 5.23 0.22 0.08 Q 2 17 51.61 
Contig12100_at -0.27 3.91E-04 5.88 0.22 -0.23 SM 2 15 41.52 
Contig12111_at -0.05 1.40E-01 3.72 0.12 0.06 Q 2 15 41.52 
Contig12160_at -0.01 7.01E-01 5.74 0.24 0.11 Q 2 17 49.61 
Contig12232_at 0.00 9.99E-01 4.78 0.22 -0.38 SM 2 18 55.04 
Contig1225_s_at -0.15 3.18E-05 3.66 0.13 -0.09 SM 2 18 55.04 
Contig12250_at 0.02 3.95E-01 4.17 0.15 0.06 Q 2 18 55.04 
Contig12289_at 0.28 5.27E-03 4.83 0.19 0.22 Q 2 16 44.19 
Contig12314_at 0.01 9.35E-01 3.17 0.15 0.16 Q 2 17 49.61 
Contig12332_at -0.31 1.14E-06 5.27 0.21 0.20 Q 2 17 49.61 
Contig12366_at 0.05 2.57E-01 3.32 0.12 -0.10 SM 2 15 41.52 
Contig1239_s_at -0.11 4.07E-05 3.62 0.10 -0.06 SM 2 19 56.39 
Contig12401_s_at 0.01 9.56E-01 3.94 0.19 -0.34 SM 2 16 44.19 
Contig12448_at 0.17 1.49E-04 5.54 0.14 0.10 Q 2 17 51.61 
Contig12468_at 0.00 8.60E-01 3.98 0.13 0.06 Q 2 18 55.04 
Contig1247_at -0.05 5.79E-01 4.78 0.18 0.25 Q 2 15 41.52 
Contig12480_at -0.14 2.16E-02 3.74 0.12 -0.13 SM 2 17 49.61 
Contig12484_at 2.01 6.26E-28 3.22 0.14 0.43 Q 2 17 49.61 
Contig12486_at -0.07 1.05E-01 3.31 0.13 0.10 Q 2 19 56.39 
Contig12560_at 0.22 2.42E-06 4.79 0.19 0.12 Q 2 18 55.04 
Contig12596_at -0.32 8.18E-07 3.84 0.16 -0.16 SM 2 16 46.19 
Contig12622_at -0.22 6.42E-17 3.39 0.13 -0.06 SM 2 19 56.39 
Contig12629_s_at 0.89 1.01E-24 4.66 0.20 0.16 Q 2 17 49.61 
Contig12732_at 0.13 2.44E-04 3.63 0.14 0.06 Q 2 16 46.19 
Contig12767_at -0.02 5.92E-01 6.92 0.29 -0.13 SM 2 17 49.61 
Contig12776_s_at 0.55 4.06E-17 3.67 0.14 0.13 Q 2 17 49.61 
Contig12833_at -0.44 1.59E-08 4.35 0.17 -0.20 SM 2 17 53.61 
Contig12925_at 0.43 7.75E-16 4.94 0.22 -0.15 SM 2 19 56.39 
Contig12958_at 0.07 2.37E-01 5.15 0.22 -0.18 SM 2 17 53.61 
Contig13017_at 0.07 7.45E-02 4.73 0.18 0.10 Q 2 17 49.61 
Contig13070_at -0.02 5.42E-01 5.03 0.21 0.11 Q 2 15 41.52 
Contig13105_s_at 0.17 8.87E-06 3.66 0.14 0.08 Q 2 18 55.04 
Contig13114_at 0.72 3.18E-08 5.10 0.14 -0.32 SM 2 18 55.04 
Contig13144_at 0.24 2.83E-06 4.85 0.18 0.12 Q 2 17 49.61 
Contig13189_at 0.38 2.26E-14 3.73 0.18 0.16 Q 2 19 56.39 
Contig13204_at 0.06 5.91E-03 4.75 0.20 -0.07 SM 2 16 44.19 
Contig13206_at 0.18 8.65E-04 5.59 0.15 0.13 Q 2 16 48.19 
Contig13272_at 0.00 9.03E-01 3.95 0.18 -0.09 SM 2 17 49.61 
Contig1328_s_at 0.12 3.00E-03 3.31 0.12 0.09 Q 2 16 44.19 
Contig13291_s_at -0.45 2.86E-12 3.38 0.15 -0.17 SM 2 19 56.39 
Contig13348_at 0.01 8.74E-01 4.98 0.20 0.27 Q 2 19 56.39 
Contig13383_at 0.48 1.84E-10 3.96 0.20 0.25 Q 2 15 41.52 
Contig13400_s_at 0.13 9.78E-08 4.06 0.15 0.06 Q 2 15 41.52 
Contig13417_at -0.29 1.49E-11 3.23 0.14 -0.10 SM 2 17 49.61 
Contig13445_at -0.01 6.68E-01 3.28 0.14 0.06 Q 2 19 56.39 
Contig13642_at 0.12 3.97E-05 3.78 0.16 0.08 Q 2 17 51.61 
Contig13700_at 0.64 1.00E-08 3.32 0.03 0.11 Q 2 16 44.19 
Contig1373_at 1.49 1.10E-22 5.91 0.21 0.30 Q 2 19 58.39 
Contig13765_at 0.06 3.30E-01 4.99 0.08 0.10 Q 2 19 56.39 
Contig13821_at 1.09 2.73E-16 6.19 0.27 0.51 Q 2 16 48.19 
Contig13851_at -0.09 3.71E-03 3.74 0.17 -0.10 SM 2 18 55.04 
 
139 
Contig13896_at -0.29 1.22E-10 4.95 0.19 0.11 Q 2 18 55.04 
Contig14021_at -0.07 9.15E-02 4.00 0.15 -0.10 SM 2 15 41.52 
Contig14052_at 0.26 2.04E-14 5.02 0.19 0.08 Q 2 17 49.61 
Contig14075_at 0.36 1.17E-08 3.76 0.09 0.11 Q 2 16 48.19 
Contig14162_s_at 0.15 4.15E-04 4.02 0.16 0.11 Q 2 17 49.61 
Contig14228_at -0.25 7.58E-06 5.70 0.22 -0.18 SM 2 19 56.39 
Contig14350_at 0.81 1.82E-39 3.95 0.18 0.12 Q 2 17 51.61 
Contig14450_at 0.25 9.91E-08 4.19 0.17 0.14 Q 2 17 49.61 
Contig14498_at 0.95 6.72E-14 11.93 0.43 0.47 Q 2 17 51.61 
Contig14507_at 0.80 6.63E-27 4.49 0.19 0.18 Q 2 17 49.61 
Contig14528_at 0.03 7.89E-01 4.59 0.07 -0.22 SM 2 16 44.19 
Contig14639_at -0.23 3.18E-08 3.31 0.13 -0.09 SM 2 15 43.52 
Contig14679_at 0.02 7.09E-01 5.74 0.23 0.21 Q 2 19 58.39 
Contig14701_at 0.03 8.25E-01 4.34 0.23 -0.42 SM 2 17 51.61 
Contig14830_at 0.94 2.22E-41 4.99 0.21 0.14 Q 2 19 56.39 
Contig14939_at -0.10 8.27E-01 3.99 0.15 1.20 Q 2 16 46.19 
Contig14966_at -0.17 2.47E-08 4.06 0.17 0.07 Q 2 16 44.19 
Contig14976_at 0.07 7.34E-02 4.66 0.08 0.10 Q 2 16 44.19 
Contig15021_at 0.04 1.87E-01 3.50 0.19 0.10 Q 2 16 48.19 
Contig15068_at 0.03 2.07E-01 3.54 0.16 0.09 Q 2 16 44.19 
Contig15099_s_at 1.00 1.36E-16 4.50 0.10 0.19 Q 2 17 49.61 
Contig15208_at 0.53 4.07E-35 4.00 0.13 0.09 Q 2 15 41.52 
Contig15229_at 0.08 5.62E-02 4.62 0.16 0.11 Q 2 17 51.61 
Contig15302_at 0.21 7.92E-06 4.08 0.15 -0.10 SM 2 16 48.19 
Contig15336_at 0.77 8.13E-30 5.44 0.25 0.18 Q 2 16 46.19 
Contig15351_s_at -0.22 2.59E-04 6.22 0.22 0.17 Q 2 16 44.19 
Contig15576_at 0.22 6.81E-07 4.54 0.16 -0.11 SM 2 16 44.19 
Contig15594_at -0.04 7.57E-01 6.68 0.25 0.37 Q 2 19 56.39 
Contig15605_at -0.34 2.52E-24 5.84 0.24 0.08 Q 2 17 51.61 
Contig15762_at 0.02 6.99E-01 3.52 0.14 -0.09 SM 2 17 49.61 
Contig15773_at 0.68 2.21E-05 5.27 0.08 0.32 Q 2 15 43.52 
Contig15851_at 0.61 6.40E-13 3.23 0.12 0.18 Q 2 17 49.61 
Contig15872_at 0.27 3.40E-20 4.27 0.22 0.07 Q 2 17 51.61 
Contig15956_at 0.33 2.95E-10 3.89 0.18 0.12 Q 2 17 51.61 
Contig16161_at -0.14 5.35E-05 3.72 0.16 -0.08 SM 2 19 56.39 
Contig16162_at -0.16 7.16E-06 3.84 0.15 0.08 Q 2 15 41.52 
Contig16306_at 0.05 2.17E-01 6.05 0.24 0.16 Q 2 19 56.39 
Contig1634_at 0.42 2.40E-07 4.56 0.14 0.17 Q 2 17 49.61 
Contig16386_at 0.13 1.38E-03 6.84 0.31 0.13 Q 2 16 46.19 
Contig1639_at 0.74 3.32E-04 3.76 0.01 0.12 Q 2 19 58.39 
Contig16504_at 0.08 1.74E-01 4.42 0.15 -0.12 SM 2 19 56.39 
Contig16573_at 0.01 8.41E-01 3.41 0.12 -0.07 SM 2 16 44.19 
Contig16603_at 0.28 1.71E-23 6.20 0.28 0.10 Q 2 17 49.61 
Contig16826_at 0.15 2.67E-03 6.71 0.20 0.13 Q 2 16 46.19 
Contig17028_at 0.14 2.61E-01 4.28 0.19 -0.55 SM 2 17 49.61 
Contig17063_at -0.10 1.79E-03 3.88 0.18 -0.09 SM 2 19 56.39 
Contig17435_at 0.15 2.10E-04 4.69 0.16 0.09 Q 2 17 53.61 
Contig17678_at -0.23 1.08E-18 5.18 0.21 -0.07 SM 2 16 44.19 
Contig1774_at -0.21 3.43E-11 3.56 0.17 -0.10 SM 2 17 51.61 
Contig17756_at -0.03 5.84E-01 5.28 0.15 -0.13 SM 2 19 56.39 
Contig17805_at -0.02 5.06E-01 3.42 0.15 -0.08 SM 2 18 55.04 
Contig1799_s_at 1.16 5.55E-35 3.71 0.15 0.23 Q 2 19 58.39 
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Contig1808_at -0.02 5.46E-01 3.58 0.15 -0.10 SM 2 19 56.39 
Contig1814_at -0.36 3.78E-09 3.89 0.16 -0.13 SM 2 16 46.19 
Contig1826_s_at 0.72 6.79E-14 4.20 0.05 -0.12 SM 2 16 44.19 
Contig18418_at -0.60 4.75E-06 3.83 0.18 -0.67 SM 2 19 58.39 
Contig18422_at -0.03 7.78E-01 3.85 0.16 -0.26 SM 2 17 49.61 
Contig1846_s_at -0.13 5.83E-07 4.61 0.19 -0.07 SM 2 17 49.61 
Contig18478_at 0.00 9.46E-01 5.36 0.17 -0.08 SM 2 19 56.39 
Contig1849_at -0.01 7.83E-01 4.02 0.19 -0.13 SM 2 16 46.19 
Contig1852_at 0.14 7.35E-02 4.87 0.13 0.15 Q 2 16 48.19 
Contig18583_at -0.21 4.74E-04 3.20 0.14 -0.16 SM 2 19 56.39 
Contig18587_at 0.02 5.89E-01 4.41 0.15 0.10 Q 2 17 49.61 
Contig18600_at 0.33 7.77E-22 4.60 0.17 -0.07 SM 2 16 46.19 
Contig18622_at 0.15 3.33E-05 7.24 0.30 0.14 Q 2 16 48.19 
Contig1871_at -0.09 6.27E-01 3.59 0.16 -0.50 SM 2 17 51.61 
Contig18757_at 0.02 7.99E-01 4.62 0.20 -0.24 SM 2 17 49.61 
Contig18828_at 0.03 3.43E-01 3.57 0.13 -0.08 SM 2 15 41.52 
Contig19008_at -0.03 3.18E-01 4.11 0.20 0.08 Q 2 16 48.19 
Contig19066_at 0.46 1.61E-16 3.81 0.17 0.17 Q 2 17 49.61 
Contig19228_at 0.08 1.95E-01 3.48 0.15 0.17 Q 2 17 49.61 
Contig19249_at -0.27 1.71E-20 4.40 0.16 0.07 Q 2 15 41.52 
Contig19393_at -0.24 4.08E-03 4.54 0.20 -0.22 SM 2 16 46.19 
Contig1976_x_at -0.20 1.23E-01 3.44 0.16 0.35 Q 2 18 55.04 
Contig19862_at -0.11 1.22E-02 4.72 0.11 -0.10 SM 2 17 49.61 
Contig19871_at 0.63 1.56E-22 5.34 0.21 0.14 Q 2 17 51.61 
Contig19915_at -0.36 9.29E-04 3.76 0.15 0.29 Q 2 17 53.61 
Contig19948_at 0.12 2.20E-09 3.47 0.14 0.04 Q 2 17 49.61 
Contig20000_at -0.12 3.58E-01 4.12 0.20 -0.41 SM 2 16 46.19 
Contig20017_at -0.25 2.04E-01 3.45 0.14 -0.44 SM 2 18 55.04 
Contig20058_at 0.43 3.33E-27 4.31 0.18 0.08 Q 2 17 49.61 
Contig20101_at -0.05 8.08E-02 3.75 0.15 0.07 Q 2 18 55.04 
Contig20144_s_at 0.32 1.63E-10 4.89 0.15 0.10 Q 2 19 56.39 
Contig20168_at -0.48 5.27E-09 5.27 0.16 0.22 Q 2 16 44.19 
Contig20279_at -0.02 8.62E-01 3.40 0.14 -0.26 SM 2 18 55.04 
Contig20294_at 0.16 2.93E-05 5.57 0.20 0.09 Q 2 16 48.19 
Contig20361_at -0.40 2.95E-15 3.55 0.13 -0.11 SM 2 15 41.52 
Contig20846_at 0.27 2.35E-11 7.11 0.32 0.17 Q 2 16 48.19 
Contig2088_s_at -0.02 9.20E-01 3.55 0.02 0.17 Q 2 18 55.04 
Contig2119_at 1.08 4.09E-13 8.00 0.29 0.52 Q 2 15 41.52 
Contig21535_at -0.12 2.47E-03 4.66 0.20 0.10 Q 2 16 44.19 
Contig2155_at -0.12 7.51E-07 4.21 0.18 -0.06 SM 2 17 49.61 
Contig21771_at -0.03 8.25E-01 4.08 0.06 0.18 Q 2 16 44.19 
Contig21775_at 0.83 5.16E-15 4.99 0.17 0.21 Q 2 15 41.52 
Contig2181_s_at -0.15 4.56E-05 3.42 0.07 -0.07 SM 2 19 56.39 
Contig21900_at 0.47 3.81E-03 5.54 0.15 0.39 Q 2 19 58.39 
Contig2200_s_at -0.25 1.81E-02 3.50 0.14 -0.25 SM 2 16 44.19 
Contig22053_at -0.01 9.20E-01 3.40 0.14 -0.32 SM 2 17 49.61 
Contig22182_at -0.09 1.23E-03 5.82 0.23 -0.08 SM 2 19 56.39 
Contig22791_at 0.02 4.90E-01 3.60 0.12 0.08 Q 2 17 51.61 
Contig2284_at 0.10 1.48E-03 3.39 0.13 0.07 Q 2 16 44.19 
Contig23066_at -0.11 2.47E-01 4.30 0.22 -0.39 SM 2 16 48.19 
Contig23166_at -0.16 2.01E-01 3.33 0.15 -0.35 SM 2 15 41.52 
Contig23196_at -0.05 7.60E-01 5.59 0.22 -0.46 SM 2 19 56.39 
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Contig23211_at 0.17 6.04E-07 6.80 0.30 0.16 Q 2 17 49.61 
Contig23311_at 0.10 2.58E-01 4.34 0.16 -0.17 SM 2 17 49.61 
Contig2333_s_at 0.39 1.79E-17 5.04 0.17 0.08 Q 2 16 44.19 
Contig2379_s_at -0.24 6.88E-07 3.80 0.17 -0.12 SM 2 19 56.39 
Contig23889_at 0.18 1.28E-06 4.20 0.15 0.12 Q 2 17 49.61 
Contig24094_at 0.48 1.62E-18 7.19 0.23 0.13 Q 2 18 55.04 
Contig24178_at -0.08 4.82E-01 3.31 0.14 0.28 Q 2 19 56.39 
Contig24214_at 0.22 1.39E-01 3.37 0.11 0.30 Q 2 19 56.39 
Contig24229_at 0.07 5.19E-01 3.66 0.16 -0.26 SM 2 16 44.19 
Contig24230_at 0.53 4.93E-13 7.52 0.31 0.19 Q 2 15 41.52 
Contig24322_at 0.49 4.04E-16 5.25 0.23 0.20 Q 2 17 49.61 
Contig24409_at 0.44 1.52E-15 4.64 0.08 0.11 Q 2 16 48.19 
Contig24754_at 0.41 2.07E-12 3.76 0.07 -0.10 SM 2 16 44.19 
Contig2488_s_at -0.13 5.16E-07 4.28 0.18 -0.10 SM 2 17 51.61 
Contig24995_at 0.24 4.64E-12 3.30 0.14 0.07 Q 2 17 49.61 
Contig25238_at 0.03 8.19E-01 4.97 0.22 -0.50 SM 2 17 49.61 
Contig25503_at -0.03 1.82E-01 3.64 0.15 -0.05 SM 2 17 49.61 
Contig25532_at -0.01 7.12E-01 4.24 0.17 0.05 Q 2 19 56.39 
Contig25536_at -0.26 9.13E-02 3.27 0.13 -0.36 SM 2 17 49.61 
Contig25665_at -0.08 2.25E-01 3.59 0.16 -0.19 SM 2 17 49.61 
Contig25740_at -0.02 8.11E-01 4.20 0.19 0.21 Q 2 16 48.19 
Contig2583_s_at 0.01 4.96E-01 3.28 0.13 0.04 Q 2 15 41.52 
Contig25864_at 0.50 2.68E-21 5.51 0.23 0.13 Q 2 17 49.61 
Contig25974_at -0.07 3.98E-01 4.02 0.13 -0.25 SM 2 17 51.61 
Contig26165_at -0.05 2.20E-01 5.67 0.23 0.13 Q 2 17 51.61 
Contig26218_at 0.13 1.25E-05 7.24 0.28 0.10 Q 2 17 49.61 
Contig26313_at 0.87 1.36E-12 6.03 0.11 0.22 Q 2 19 56.39 
Contig26389_at -0.37 1.39E-07 3.92 0.16 -0.17 SM 2 15 41.52 
Contig2738_s_at -0.08 2.64E-02 4.88 0.21 -0.10 SM 2 19 56.39 
Contig2748_at -0.23 7.80E-08 4.34 0.21 -0.16 SM 2 16 46.19 
Contig2864_s_at 0.12 2.59E-01 3.65 0.04 0.15 Q 2 17 51.61 
Contig2888_at 0.56 4.51E-29 7.18 0.30 0.12 Q 2 16 48.19 
Contig2920_at -0.18 1.59E-10 3.24 0.12 -0.06 SM 2 16 44.19 
Contig2928_s_at -0.15 1.22E-09 4.29 0.18 -0.07 SM 2 17 51.61 
Contig2932_at 0.22 3.23E-08 4.09 0.09 0.06 Q 2 15 43.52 
Contig2941_at -0.44 2.12E-08 3.99 0.16 -0.19 SM 2 17 51.61 
Contig2964_at -0.16 7.35E-06 3.76 0.14 -0.09 SM 2 17 53.61 
Contig2997_at 0.08 3.21E-02 3.62 0.17 0.11 Q 2 15 41.52 
Contig3051_s_at -0.09 5.54E-01 3.90 0.17 0.45 Q 2 15 41.52 
Contig3079_at 0.09 8.45E-04 5.29 0.17 0.07 Q 2 17 49.61 
Contig3171_at -0.20 9.33E-10 3.31 0.13 -0.07 SM 2 17 49.61 
Contig3181_at -0.04 2.00E-01 4.65 0.20 -0.08 SM 2 16 44.19 
Contig3198_x_at -0.12 2.97E-01 3.64 0.12 -0.21 SM 2 18 55.04 
Contig3208_at 1.18 2.64E-30 6.05 0.24 0.26 Q 2 17 53.61 
Contig3216_at 0.68 9.61E-05 3.48 0.14 -0.44 SM 2 15 41.52 
Contig3263_at -0.18 8.71E-06 5.63 0.23 -0.11 SM 2 19 56.39 
Contig3271_s_at -0.32 1.15E-08 3.59 0.15 -0.14 SM 2 17 53.61 
Contig3289_at 0.81 2.75E-22 5.52 0.22 0.21 Q 2 19 56.39 
Contig3300_at -0.07 1.33E-02 3.47 0.14 -0.07 SM 2 18 55.04 
Contig3308_at 0.14 3.94E-04 6.20 0.22 0.11 Q 2 18 55.04 
Contig3360_at -0.19 1.85E-08 5.94 0.18 -0.09 SM 2 17 49.61 
Contig3362_at -0.55 1.63E-14 4.63 0.17 0.20 Q 2 17 49.61 
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Contig3393_at -0.09 4.82E-01 6.15 0.28 -0.50 SM 2 16 48.19 
Contig3417_at -0.02 5.01E-01 4.30 0.20 0.07 Q 2 16 48.19 
Contig3443_at -0.28 1.60E-08 4.98 0.21 -0.14 SM 2 19 56.39 
Contig3479_at 0.23 9.39E-08 4.36 0.17 -0.09 SM 2 19 56.39 
Contig3489_at -0.04 5.62E-01 3.56 0.03 0.09 Q 2 17 49.61 
Contig3498_at 0.01 6.26E-01 3.25 0.11 0.04 Q 2 19 56.39 
Contig3746_at 0.93 4.40E-38 3.61 0.14 0.13 Q 2 18 55.04 
Contig3810_at -0.03 5.10E-01 3.38 0.11 0.09 Q 2 16 48.19 
Contig3815_at 0.12 2.93E-02 3.31 0.13 -0.11 SM 2 18 55.04 
Contig3919_at -0.07 1.05E-01 9.23 0.35 -0.14 SM 2 17 51.61 
Contig4027_at 0.46 1.16E-02 4.03 0.16 -0.49 SM 2 19 56.39 
Contig41_at 0.16 1.36E-05 5.47 0.20 0.11 Q 2 18 55.04 
Contig41_x_at 0.11 1.91E-03 6.40 0.26 0.13 Q 2 18 55.04 
Contig4147_at -0.13 1.18E-01 6.17 0.23 -0.28 SM 2 19 56.39 
Contig415_s_at 0.14 4.77E-06 5.37 0.22 0.09 Q 2 15 41.52 
Contig4191_at -0.04 5.32E-01 3.25 0.12 -0.14 SM 2 18 55.04 
Contig4208_at -0.07 1.06E-01 5.00 0.19 -0.12 SM 2 15 43.52 
Contig4291_at 0.48 8.78E-21 5.58 0.22 0.11 Q 2 17 51.61 
Contig4296_at 0.05 2.18E-02 6.57 0.27 0.08 Q 2 17 49.61 
Contig4324_at 0.71 4.74E-07 7.53 0.28 0.36 Q 2 17 49.61 
Contig4344_at 0.04 3.36E-01 3.60 0.13 0.09 Q 2 17 49.61 
Contig4367_s_at -0.11 4.06E-03 4.40 0.19 -0.11 SM 2 16 48.19 
Contig442_at -0.28 2.00E-10 4.14 0.17 -0.12 SM 2 18 55.04 
Contig4433_s_at 0.04 7.90E-01 5.22 0.21 -0.47 SM 2 19 56.39 
Contig4437_at -0.23 2.11E-05 3.61 0.16 -0.15 SM 2 16 46.19 
Contig4462_at -0.21 9.33E-10 3.21 0.12 -0.07 SM 2 17 49.61 
Contig4490_s_at -0.43 6.74E-07 3.50 0.12 -0.18 SM 2 16 44.19 
Contig451_at -0.23 8.16E-05 4.10 0.17 -0.15 SM 2 16 46.19 
Contig4590_at -0.25 2.47E-09 3.29 0.14 -0.09 SM 2 17 51.61 
Contig4676_at 0.79 4.53E-51 5.87 0.27 0.11 Q 2 19 58.39 
Contig4690_at 0.00 9.74E-01 4.09 0.16 -0.13 SM 2 16 44.19 
Contig477_at 0.47 7.25E-08 7.52 0.08 0.15 Q 2 17 51.61 
Contig4777_at 0.10 2.41E-01 3.35 0.14 -0.19 SM 2 16 44.19 
Contig4901_at 0.07 2.89E-01 3.57 0.06 0.10 Q 2 17 53.61 
Contig4927_s_at -0.14 1.15E-04 3.26 0.13 -0.08 SM 2 16 48.19 
Contig4964_at -0.06 1.45E-02 4.33 0.20 -0.12 SM 2 18 55.04 
Contig4992_at -0.06 1.01E-01 5.52 0.25 0.18 Q 2 16 48.19 
Contig4994_s_at 0.23 7.78E-16 4.08 0.16 0.06 Q 2 18 55.04 
Contig5186_at 0.04 1.41E-01 4.19 0.15 0.07 Q 2 15 41.52 
Contig5198_s_at -0.23 4.31E-04 3.32 0.13 -0.13 SM 2 16 44.19 
Contig5365_s_at -0.17 1.31E-02 3.87 0.16 -0.16 SM 2 15 43.52 
Contig538_at 1.24 1.94E-19 4.71 0.20 0.19 Q 2 17 49.61 
Contig5429_s_at -0.07 5.94E-04 4.72 0.21 -0.05 SM 2 17 49.61 
Contig546_at -0.03 7.57E-02 3.19 0.15 -0.05 SM 2 19 58.39 
Contig5537_at 0.50 3.40E-09 7.84 0.30 0.19 Q 2 17 51.61 
Contig5607_s_at 0.94 1.27E-28 3.33 0.12 -0.16 SM 2 17 51.61 
Contig5609_at -0.03 3.75E-01 4.77 0.17 0.10 Q 2 15 41.52 
Contig5620_s_at -0.11 3.04E-03 3.64 0.13 -0.09 SM 2 18 55.04 
Contig5665_at 0.01 8.69E-01 4.48 0.19 0.14 Q 2 16 46.19 
Contig5839_at -0.17 8.82E-05 3.58 0.15 0.11 Q 2 19 56.39 
Contig5887_at 0.61 2.07E-13 3.94 0.15 0.17 Q 2 17 49.61 
Contig592_at -0.31 5.42E-05 3.45 0.13 -0.18 SM 2 18 55.04 
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Contig5949_at -0.10 5.94E-01 3.90 0.18 -0.51 SM 2 19 56.39 
Contig6023_s_at 0.04 3.01E-01 4.04 0.17 0.09 Q 2 16 46.19 
Contig6028_s_at 0.09 1.89E-02 4.97 0.20 0.09 Q 2 16 48.19 
Contig6124_at 0.01 9.49E-01 3.35 0.13 -0.28 SM 2 16 44.19 
Contig6164_s_at -0.23 5.14E-03 6.16 0.16 -0.20 SM 2 19 56.39 
Contig6204_at 0.29 2.67E-07 5.32 0.20 0.14 Q 2 19 56.39 
Contig6229_s_at 0.65 1.73E-18 4.31 0.17 0.16 Q 2 19 56.39 
Contig6246_at -0.13 3.92E-08 3.44 0.14 0.05 Q 2 16 44.19 
Contig6301_s_at 0.11 5.84E-02 6.09 0.23 0.20 Q 2 17 49.61 
Contig6349_at 0.03 2.36E-01 3.37 0.12 0.06 Q 2 15 41.52 
Contig6351_at -0.13 1.17E-03 4.74 0.19 0.12 Q 2 16 46.19 
Contig6407_s_at 0.57 7.56E-20 3.91 0.15 0.12 Q 2 19 58.39 
Contig6447_at -0.07 2.50E-02 3.41 0.12 0.07 Q 2 19 56.39 
Contig6490_at 0.07 7.66E-04 3.56 0.15 0.06 Q 2 17 49.61 
Contig6567_at 0.17 1.17E-07 3.51 0.13 0.07 Q 2 17 49.61 
Contig6600_at -0.32 1.05E-04 4.22 0.12 -0.16 SM 2 16 46.19 
Contig6741_at -0.30 5.57E-02 3.28 0.15 -0.49 SM 2 15 43.52 
Contig6752_s_at 0.92 1.16E-19 4.68 0.12 0.22 Q 2 19 56.39 
Contig6762_at 0.05 4.49E-02 6.21 0.24 0.09 Q 2 16 44.19 
Contig6815_at -0.03 1.67E-01 4.87 0.18 0.07 Q 2 15 41.52 
Contig6862_s_at -0.15 4.18E-04 6.71 0.26 -0.11 SM 2 16 44.19 
Contig6866_at -0.22 5.15E-06 3.56 0.14 0.12 Q 2 15 41.52 
Contig6879_at -0.01 7.53E-01 3.60 0.15 0.08 Q 2 17 49.61 
Contig6918_s_at -0.19 6.44E-06 8.10 0.27 -0.13 SM 2 18 55.04 
Contig6958_s_at 0.83 3.30E-49 4.87 0.21 0.09 Q 2 17 51.61 
Contig6993_at 0.76 1.29E-39 4.67 0.20 0.13 Q 2 16 48.19 
Contig7074_s_at 0.06 1.04E-01 3.88 0.18 -0.08 SM 2 17 49.61 
Contig7078_at -0.01 9.37E-01 5.68 0.24 -0.52 SM 2 19 56.39 
Contig7117_at 0.16 5.19E-06 5.56 0.19 0.09 Q 2 15 41.52 
Contig716_at -0.03 5.90E-01 8.11 0.33 -0.24 SM 2 15 41.52 
Contig7312_s_at 0.03 4.20E-01 3.69 0.15 0.08 Q 2 19 56.39 
Contig7331_at 0.08 1.34E-01 4.11 0.15 0.17 Q 2 16 44.19 
Contig7356_at -0.69 1.63E-07 3.34 0.14 -0.31 SM 2 16 44.19 
Contig7384_s_at -0.08 7.61E-02 4.41 0.14 0.11 Q 2 19 56.39 
Contig7429_s_at -0.19 1.47E-05 3.43 0.13 -0.07 SM 2 16 44.19 
Contig7450_at 0.28 2.36E-03 4.04 0.13 -0.20 SM 2 17 49.61 
Contig7473_at -0.18 9.97E-08 3.93 0.14 -0.07 SM 2 16 44.19 
Contig7478_at -0.11 8.15E-05 3.92 0.17 0.07 Q 2 19 56.39 
Contig7484_at 0.05 1.90E-02 5.34 0.22 0.06 Q 2 17 49.61 
Contig7486_at -0.05 5.20E-01 3.65 0.10 -0.13 SM 2 16 44.19 
Contig7500_at 0.06 2.11E-02 7.52 0.31 0.09 Q 2 17 49.61 
Contig7503_at 0.11 1.66E-02 3.37 0.13 0.10 Q 2 17 51.61 
Contig7522_s_at -0.22 5.28E-06 3.53 0.15 -0.11 SM 2 16 48.19 
Contig7530_s_at -0.30 1.68E-04 4.08 0.11 -0.16 SM 2 18 55.04 
Contig7548_at -0.03 5.41E-02 3.42 0.13 0.04 Q 2 17 49.61 
Contig7565_at -0.78 2.38E-27 3.71 0.12 0.13 Q 2 15 43.52 
Contig7573_at -0.21 6.97E-11 3.59 0.13 -0.07 SM 2 18 55.04 
Contig7593_at 0.13 1.05E-01 4.01 0.05 0.14 Q 2 15 41.52 
Contig7597_at -0.14 4.43E-06 3.92 0.16 -0.08 SM 2 19 56.39 
Contig7622_at -0.12 1.10E-07 3.32 0.14 0.06 Q 2 19 56.39 
Contig7624_at -0.21 6.92E-06 3.70 0.15 -0.11 SM 2 16 44.19 
Contig7627_at -0.10 4.35E-04 3.44 0.12 0.07 Q 2 18 55.04 
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Contig7634_at 0.36 1.61E-16 4.75 0.19 0.08 Q 2 17 51.61 
Contig7723_at -0.10 2.05E-06 3.88 0.16 0.05 Q 2 16 44.19 
Contig7768_s_at -0.30 1.43E-16 4.60 0.19 -0.09 SM 2 16 46.19 
Contig7791_at -0.01 6.91E-01 3.85 0.14 0.04 Q 2 17 49.61 
Contig7870_at -0.06 6.97E-01 4.04 0.01 -0.09 SM 2 15 41.52 
Contig7928_s_at -0.13 3.29E-04 5.76 0.11 -0.12 SM 2 18 55.04 
Contig7933_s_at 0.75 1.08E-22 9.11 0.32 0.20 Q 2 19 58.39 
Contig7957_at 0.00 9.24E-01 4.68 0.17 0.07 Q 2 15 41.52 
Contig8045_at -0.19 3.23E-10 4.56 0.14 0.07 Q 2 17 49.61 
Contig8046_at 0.06 5.64E-02 3.37 0.17 -0.12 SM 2 17 53.61 
Contig8084_at -0.37 9.54E-06 3.25 0.12 -0.18 SM 2 19 56.39 
Contig8165_at -0.05 8.61E-03 3.93 0.16 0.05 Q 2 16 44.19 
Contig8200_at 0.22 4.46E-05 6.87 0.19 0.14 Q 2 16 48.19 
Contig8214_at 0.06 9.24E-02 3.39 0.14 -0.07 SM 2 17 49.61 
Contig8295_at 0.24 3.48E-02 3.60 0.15 -0.30 SM 2 17 49.61 
Contig8326_at -0.12 8.26E-07 3.42 0.12 -0.05 SM 2 19 56.39 
Contig8330_at 0.04 2.92E-01 3.39 0.10 0.07 Q 2 17 49.61 
Contig8461_s_at 0.00 9.69E-01 4.39 0.19 0.13 Q 2 16 48.19 
Contig8484_at 0.18 1.84E-04 6.30 0.12 0.11 Q 2 16 48.19 
Contig8505_s_at 0.31 1.13E-10 3.90 0.11 0.10 Q 2 15 41.52 
Contig8551_at 0.50 1.74E-19 4.08 0.12 0.09 Q 2 17 49.61 
Contig8557_at 0.80 3.71E-26 5.12 0.21 0.15 Q 2 16 44.19 
Contig8563_at -0.04 7.79E-02 3.50 0.13 0.06 Q 2 17 49.61 
Contig86_at -0.08 1.05E-04 4.96 0.19 -0.08 SM 2 18 55.04 
Contig8669_at 0.23 1.05E-02 3.66 0.14 0.18 Q 2 17 51.61 
Contig8739_at 0.03 7.47E-01 3.64 0.15 -0.24 SM 2 19 56.39 
Contig8761_s_at 0.15 8.38E-05 3.29 0.16 0.10 Q 2 16 46.19 
Contig8842_at -0.02 7.42E-01 3.58 0.15 0.12 Q 2 18 55.04 
Contig8935_at 0.59 5.30E-31 5.55 0.26 0.12 Q 2 17 53.61 
Contig8936_at 0.05 1.91E-01 5.08 0.18 0.10 Q 2 17 49.61 
Contig8945_at 0.12 1.04E-04 4.63 0.18 0.07 Q 2 17 49.61 
Contig9011_at -0.02 3.56E-01 4.15 0.17 0.06 Q 2 16 44.19 
Contig9028_at -0.09 7.13E-04 3.74 0.14 0.06 Q 2 17 49.61 
Contig9032_s_at 0.67 3.00E-08 3.60 0.15 0.29 Q 2 15 41.52 
Contig9034_at -0.29 2.85E-13 3.31 0.13 0.09 Q 2 15 41.52 
Contig909_s_at -0.35 4.06E-07 4.61 0.20 -0.20 SM 2 16 46.19 
Contig9103_at 0.20 2.73E-10 4.62 0.21 0.10 Q 2 17 49.61 
Contig911_s_at -0.14 1.54E-05 7.16 0.26 -0.09 SM 2 18 55.04 
Contig9168_s_at 0.02 8.03E-01 3.67 0.14 -0.22 SM 2 19 56.39 
Contig9172_s_at 0.39 2.25E-03 4.99 0.22 0.36 Q 2 17 49.61 
Contig9174_at -0.07 1.35E-03 3.94 0.15 -0.05 SM 2 15 41.52 
Contig9412_at -0.17 2.65E-04 3.50 0.14 -0.11 SM 2 15 41.52 
Contig9436_at -0.31 2.40E-05 4.70 0.17 -0.19 SM 2 17 51.61 
Contig9504_at 0.14 2.00E-04 3.97 0.17 -0.10 SM 2 18 55.04 
Contig9521_at 0.02 6.47E-01 3.36 0.15 0.10 Q 2 16 48.19 
Contig9704_at 0.04 1.05E-01 3.53 0.14 0.06 Q 2 17 49.61 
Contig9729_at 0.11 1.77E-05 5.43 0.23 0.09 Q 2 15 41.52 
Contig9756_at -0.13 4.70E-05 3.80 0.16 0.09 Q 2 16 48.19 
Contig9763_s_at -0.34 2.80E-11 3.55 0.16 -0.12 SM 2 17 51.61 
Contig9793_at 0.15 2.68E-08 3.85 0.18 0.07 Q 2 16 46.19 
Contig9810_at -0.03 4.71E-01 4.29 0.19 0.10 Q 2 19 56.39 
Contig9865_at 0.11 1.13E-04 3.44 0.15 0.06 Q 2 16 44.19 
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Contig9921_at -0.04 3.42E-01 3.54 0.14 -0.12 SM 2 19 56.39 
Contig9952_at -0.15 4.14E-02 3.20 0.15 -0.17 SM 2 15 41.52 
EBem09_SQ006_K11_x_at -0.23 6.71E-02 3.91 0.19 -0.40 SM 2 19 58.39 
EBem10_SQ004_D16_at 0.17 1.41E-03 6.65 0.19 0.17 Q 2 18 55.04 
EBpi01_SQ002_A19_at -0.02 9.10E-01 4.46 0.18 0.36 Q 2 16 46.19 
EBpi07_SQ001_A11_at 0.42 1.74E-13 3.84 0.17 0.14 Q 2 17 49.61 
EBro01_SQ001_M06_at -0.23 3.97E-02 3.61 0.13 -0.30 SM 2 17 49.61 
EBro02_SQ003_A18_at 0.14 1.98E-02 3.34 0.09 0.12 Q 2 17 51.61 
EBro02_SQ006_C03_at 0.02 7.28E-01 7.63 0.14 0.15 Q 2 18 55.04 
EBro02_SQ008_H05_at 0.23 3.16E-02 3.55 0.14 0.22 Q 2 19 56.39 
EBro03_SQ006_M03_at -0.27 3.68E-02 3.93 0.16 0.37 Q 2 19 58.39 
EBro03_SQ007_M15_s_at 0.52 1.80E-11 4.38 0.15 0.20 Q 2 17 51.61 
EBro04_SQ002_K10_at 0.19 7.70E-08 3.29 0.14 -0.09 SM 2 16 46.19 
EBro04_SQ003_B10_s_at 0.39 2.11E-10 8.24 0.30 0.16 Q 2 17 49.61 
EBro08_SQ007_K09_at 0.01 8.10E-01 4.48 0.16 0.10 Q 2 17 49.61 
EBro08_SQ010_M14_at 0.11 1.26E-01 4.73 0.22 -0.30 SM 2 17 49.61 
HA26O15r_at -0.02 8.54E-01 3.42 0.17 -0.40 SM 2 15 41.52 
HA28J12r_s_at -0.45 3.26E-08 4.01 0.15 -0.19 SM 2 17 53.61 
HB20H10r_at 0.24 1.78E-05 5.33 0.13 0.11 Q 2 17 49.61 
HB31O02r_at -0.10 1.89E-01 3.84 0.19 -0.29 SM 2 17 49.61 
HD12A16r_at 0.37 1.47E-21 3.50 0.19 0.15 Q 2 17 51.61 
HD13A06r_at -0.04 7.50E-01 3.44 0.14 -0.30 SM 2 15 41.52 
HI05I11r_at 0.10 1.99E-01 8.30 0.28 0.27 Q 2 17 51.61 
HK01E08r_s_at -0.22 1.15E-01 4.91 0.05 -0.22 SM 2 16 44.19 
HK03H05r_s_at 0.12 1.79E-02 6.10 0.18 0.14 Q 2 17 51.61 
HK05M14r_at -0.16 3.55E-01 4.43 0.19 -0.50 SM 2 18 55.04 
HM11L09r_at -0.01 9.55E-01 4.41 0.17 -0.44 SM 2 18 55.04 
HO11K23S_s_at 0.34 3.13E-12 3.88 0.15 0.07 Q 2 17 49.61 
HO13A14S_at 0.15 2.07E-01 3.43 0.15 -0.27 SM 2 17 49.61 
HO14K20S_at -0.01 6.71E-01 4.34 0.14 -0.09 SM 2 19 56.39 
HO15C14S_s_at 0.67 5.62E-25 4.22 0.20 0.19 Q 2 17 49.61 
HP01E21w_at 0.23 6.29E-03 6.02 0.22 0.23 Q 2 17 49.61 
HP01E21w_s_at 0.16 1.64E-03 4.12 0.17 0.13 Q 2 17 49.61 
HR01O04u_at 0.89 9.71E-39 3.67 0.14 0.10 Q 2 17 49.61 
HS06E04u_s_at -0.01 6.90E-01 3.54 0.13 0.06 Q 2 16 48.19 
HT04E01r_at 0.33 4.16E-07 5.57 0.22 -0.17 SM 2 16 46.19 
HT05O08u_at 0.26 2.34E-02 6.65 0.27 0.28 Q 2 17 51.61 
HT08E01u_s_at -0.32 5.80E-02 3.42 0.14 0.41 Q 2 19 56.39 
HT08F04u_s_at 0.04 1.64E-01 4.34 0.19 0.08 Q 2 17 51.61 
HT09O03u_s_at 0.34 4.22E-09 6.74 0.27 0.16 Q 2 19 56.39 
HT12J15u_at 0.04 8.41E-01 5.65 0.25 -0.83 SM 2 18 55.04 
HU05H13u_s_at -0.13 6.52E-02 4.88 0.14 0.14 Q 2 16 46.19 
HU05P03u_at -0.13 1.45E-01 3.67 0.17 -0.34 SM 2 16 44.19 
HU08L02u_at 0.24 1.43E-01 3.81 0.17 0.42 Q 2 16 44.19 
HU11F04u_s_at -0.05 2.97E-01 3.45 0.15 -0.11 SM 2 16 44.19 
HU13M08u_at -0.02 8.01E-01 5.56 0.21 -0.27 SM 2 19 56.39 
HV_CEa0009K20r2_x_at 0.65 1.08E-05 3.91 0.15 -0.34 SM 2 16 48.19 
HV_CEa0010K11f_x_at -0.06 3.07E-01 3.80 0.14 -0.12 SM 2 15 41.52 
HV_CEa0014D10r2_s_at 0.36 2.50E-11 3.32 0.16 0.14 Q 2 17 53.61 
HV_CEb0002J23r2_s_at 0.48 1.23E-22 5.29 0.21 0.10 Q 2 19 56.39 
HV_CEb0009B15r2_at -0.33 1.10E-04 3.41 0.12 0.18 Q 2 16 44.19 
HV_CEb0015P21f_s_at 0.03 1.05E-01 5.63 0.18 0.06 Q 2 17 49.61 
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HV_CEb0020C01r2_at 0.36 4.55E-06 3.49 0.14 0.16 Q 2 19 58.39 
HV_CEb0021P13r2_at -0.01 7.20E-01 6.86 0.24 0.10 Q 2 19 56.39 
HV06O09u_at 0.36 2.41E-10 6.09 0.12 0.13 Q 2 19 58.39 
HV08J24u_s_at -0.22 2.34E-06 6.15 0.22 -0.13 SM 2 17 49.61 
HV08K19u_at 0.05 4.77E-01 3.84 0.15 0.19 Q 2 19 58.39 
HV10E20u_at -0.15 3.17E-01 4.21 0.18 -0.40 SM 2 16 46.19 
HV11N02u_x_at -0.12 4.52E-01 4.41 0.17 0.43 Q 2 18 55.04 
HVSMEa0011L07r2_at -0.33 4.09E-03 5.53 0.23 -0.39 SM 2 17 51.61 
HVSMEa0015G15r2_s_at -0.70 2.82E-13 3.38 0.12 0.25 Q 2 16 46.19 
HVSMEa0020P01f_at 0.16 2.40E-02 4.20 0.16 -0.19 SM 2 17 49.61 
HVSMEb0005E07r2_at 0.16 4.47E-02 4.72 0.10 0.18 Q 2 19 56.39 
HVSMEb0005E07r2_s_at 0.18 1.43E-03 5.28 0.22 0.18 Q 2 17 51.61 
HVSMEb0007D09r2_at -0.08 5.55E-01 3.19 0.15 0.33 Q 2 17 53.61 
HVSMEb0020I08f_at 0.00 9.83E-01 4.94 0.20 0.10 Q 2 18 55.04 
HVSMEc0001C18f2_at 0.16 2.07E-01 3.67 0.16 -0.32 SM 2 16 44.19 
HVSMEc0014L06f_s_at -0.03 2.83E-01 3.70 0.14 0.07 Q 2 18 55.04 
HVSMEc0020G05f_x_at 0.10 5.79E-01 3.99 0.17 -0.54 SM 2 19 58.39 
HVSMEf0020A10r2_at 0.10 2.08E-01 5.83 0.24 0.20 Q 2 19 56.39 
HVSMEg0002K18r2_s_at -0.01 5.84E-01 3.32 0.12 0.06 Q 2 15 41.52 
HVSMEg0006F05r2_s_at -0.22 2.33E-07 3.36 0.13 -0.11 SM 2 18 55.04 
HVSMEg0010P18r2_s_at -0.14 1.50E-04 3.82 0.15 0.09 Q 2 17 51.61 
HVSMEi0013P04r2_s_at -0.16 1.28E-09 3.52 0.15 0.06 Q 2 19 56.39 
HVSMEk0004D22r2_s_at 0.03 2.27E-01 4.77 0.19 0.07 Q 2 16 46.19 
HVSMEl0005L10f_s_at 0.22 2.92E-03 3.19 0.12 0.14 Q 2 17 53.61 
HVSMEl0013E16r2_s_at 0.26 1.97E-15 5.07 0.22 0.07 Q 2 17 51.61 
HVSMEl0020G17r2_at -0.09 5.52E-01 3.34 0.15 -0.38 SM 2 16 48.19 
HVSMEm0001B03r2_at 0.10 5.11E-02 4.29 0.14 -0.10 SM 2 15 43.52 
HVSMEm0003G18r2_s_at -0.01 7.16E-01 3.72 0.06 0.07 Q 2 18 55.04 
HVSMEm0003O11r2_at -0.08 5.31E-01 4.97 0.21 -0.72 SM 2 19 58.39 
HVSMEm0014C09r2_at 0.10 5.08E-01 4.16 0.18 -0.39 SM 2 19 56.39 
HVSMEn0012H13r2_at -0.35 8.59E-04 5.41 0.24 -0.34 SM 2 15 41.52 
HVSMEn0025E24r2_at 0.20 2.19E-01 3.67 0.18 0.60 Q 2 15 41.52 
HW01P03u_s_at 0.51 2.10E-23 4.50 0.20 0.13 Q 2 18 55.04 
HW02F22u_at -0.17 7.34E-05 3.42 0.13 -0.12 SM 2 15 41.52 
HW06F04u_s_at 0.04 7.55E-01 4.71 0.20 0.44 Q 2 16 44.19 
HW06I17u_at 0.46 7.89E-07 4.00 0.16 0.24 Q 2 17 49.61 
HW07E14u_s_at 0.08 2.19E-02 4.64 0.16 0.10 Q 2 19 56.39 
HW09A02u_at 0.45 2.36E-15 4.39 0.17 0.14 Q 2 19 58.39 
HW09I11u_s_at -0.12 6.32E-08 4.46 0.13 -0.05 SM 2 16 48.19 
HX08D14r_s_at 0.18 2.30E-11 5.76 0.20 0.06 Q 2 16 44.19 
HY02C22u_x_at -0.19 3.80E-07 6.42 0.25 -0.11 SM 2 16 48.19 
HY07J12u_at -0.05 6.09E-01 4.36 0.22 -0.29 SM 2 17 51.61 
HY08C12u_at -0.10 2.02E-01 4.88 0.20 -0.27 SM 2 16 48.19 
HZ48J16r_at -0.09 5.49E-01 4.25 0.17 -0.39 SM 2 17 49.61 
M15077.1_at 0.01 9.62E-01 3.53 0.13 -0.33 SM 2 15 41.52 
rbaal1o24_at -0.08 3.15E-01 3.89 0.16 0.25 Q 2 18 55.04 
rbaal21l22_s_at -0.25 4.04E-07 3.51 0.16 -0.14 SM 2 16 48.19 
rbaal22m22_s_at -0.11 2.94E-03 3.38 0.16 -0.10 SM 2 17 49.61 
rbaal30a10_s_at 0.40 2.01E-13 3.19 0.14 0.15 Q 2 18 55.04 
rbaal33b18_x_at 0.43 2.60E-05 5.51 0.23 0.28 Q 2 19 56.39 
rbaal41j07_at -0.08 2.17E-01 5.13 0.14 -0.14 SM 2 19 56.39 
rbags12d05_x_at -0.34 1.31E-01 3.49 0.16 0.61 Q 2 16 48.19 
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rbags24p19_at 0.05 2.76E-01 5.11 0.19 0.12 Q 2 17 49.61 
rbah13h16_s_at -0.07 2.48E-02 3.91 0.17 0.11 Q 2 19 56.39 
rbah28p12_s_at 0.05 1.10E-01 5.96 0.26 0.14 Q 2 17 49.61 
rbasd21g03_s_at 0.05 6.65E-02 3.35 0.12 0.06 Q 2 18 55.04 
rbasd25b08_s_at -0.13 2.00E-02 3.34 0.15 -0.13 SM 2 16 44.19 
S0000200015H08F1_at -0.22 1.47E-01 3.86 0.16 -0.36 SM 2 15 41.52 
S0001000056D22F1_at -0.31 3.31E-02 3.66 0.13 0.33 Q 2 18 55.04 
Y09748_at 0.49 9.09E-03 5.14 0.21 0.65 Q 2 15 41.52 
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